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Foreword 


It  is  a  rare  scientific  meeting  that  brings  together  at  one  time  and  location  the  world’s  leading 
practitioners  in  a  particular  field.  During  the  week  of  March  16-20,  1970,  some  230  scientists 
attended  the  International  Conference  on  Fourier  Spectroscopy  at  the  Aspen  Institute  in  Colorado, 
the  first  truly  international  scientific  meeting  devoted  exclusively  to  Fourier  spectroscopy.  Among 
those  present  were  the  pioneers  in  the  field,  those  who  have  contributed  most  to  the  advance  of  the 
art,  and  those  who  are  applying  the  art  to  a  range  of  scientific  endeavors. 

The  Air  Force  Cambridge  Research  Laboratories  were  proud  to  sponsor  this  Conference. 
AFCRL  sponsors  many  scientific  meetings  each  year,  but  our  role  in  the  International  Conference 
on  Fourier  Spectroscopy  was  an  especially  rewarding  one.  Attending  from  AFCRL  were  22  scien¬ 
tists,  one;  group  of  whom  reported  on  the  Fourier  Spectroscopic  analysis  of  data  from  an  event  that 
occurred  only  a  few  days  before  the  Conference — The  7  March  1970  solar  eclipse.  Other  AFCRL 
scientists  reported  on  the  application  of  Fourier  spectroscopy  to  the  measurement  of  emission  from 
remote  infrared  sources  and  of  the  transmission  properties  of  the  atmosphere. 

I  single  out  these  AFCRL  papers  to  point  up  the  fact  that  for  laboratories  engaged  in  environ¬ 
mental  research,  such  as  AFCRL,  this  new  spectroscopic  tool  is  a  powerful  one  indeed,  bringing 
orders  of  magnitude  improvement  in  the  accuracy  and  resolution  of  sensor  data.  Even  if  we  at 
AFCRL  were  simply  users  of  Fourier  spectroscopy,  we  would  consider  the  sponsorship  of  such  a 
Conference  eminently  worthwhile.  But  it  is  in  those  contributions  that  our  own  scientists  have  made 
to  advance  the  art  itself  that  AFCRL  takes  real  pride. 

The  format  chosen  for  the  Conference  is  one  that  lends  itself  particularly  well  to  meetings  on 
highly  specialized  fields.  The  Conference  was  divided  chronologically  into  two  major  parts. 
Tutorial  sessions  were  held  on  Monday  and  Tuesday,  followed  by  3  days  of  invited  and  contributed 
research  papers.  A  morning  technical  session,  lasting  until  noon,  was  followed  by  a  long  afternoon 
break,  with  the  participants  reassembling  at  about  4:30  for  2  more  hours  of  technical  sessions. 
After  dinner,  informal  discussions  lasted  until  late  at  night. 

This  report  on  the  Conference,  of  course,  cannot  convey  the  spontaneous  and  unrecorded  insights 
that  flavored  the  post-prandial  sessions,  nor  the  information  informally  exchanged,  but  the  report 
does  serve  to  give  those  who  were  not  able  to  attend  the  Conference  a  complete  state-of-the-art 
survey  of  Fourier  spectroscopy. 

The  rapid  advances  made  in  Fourier  spectroscopy — oidy  20  years  to  reach  maturity — are 
recognized  as  among  the  most  important  advances  yet  made  in  the  field  of  infrared  spectroscopy. 


DALE  J.  FLINDERS,  Colonel,  USAF 
Commander 

Air  Force  Cambridge  Research  Laboratories 
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This  report  constitutes  the  proceedings  of  the  Aspen  International  Conference  on  Fourier 
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bring  the  participants  to  the  point  where  the  invited  and  contributed  papers  would  be  beneficial 
to  all.  These  lectures  began  with  a  mathematical  introduction  and  with  a  comprehensive  outline  of 
the  techniques  of  Fourier  spectroscopy.  The  following  specific  topics  were  then  treated  in  more 
detail:  signal-to-noise  considerations,  interferometers  for  Fourier  spectroscopy,  double-beaming 
techniques,  refractometry,  data  handling  and  processing,  and  finally  a  speculative  digression  on  the 
impact  that  new  developments  might  have  on  Fourier  spectroscopy. 

'The  invited  and  contributed  papers  ran  the  gamut  of  high  and  low  resolving  power  instrumen¬ 
tation  and  results,  and  from  resolutions  of  tens  of  wavenumbers  to  thousandths  of  wavenumbers. 
•  The  topics  covered  included  new  instrumentation,  new  data  handling  and  analysis  techniques, 

advantages  of  Fourier  techniques  as  demonstrated  by  recent  results,  theoretical  considerations  on 
general  problems  associated  with  the  techniques,  and  applications  of  the  techniques  under  adverse 
conditions. 
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Opening  Address 


John  N.  *■’ ) ward 
Chief  ScienfUt,  AFCRl 


On  behalf  of  the  Air  Force  Cambridge  Research  Laboratories,  it  is  &  pleasure  to  welcome  the 
distinguished  participants  to  this  Conference  on  Fourier  Spectroscopy  and  to  wish  you  a  successful 
meeting. 

Speaking  personally,  I  have  tnree  separat.  interests  in  this  topic.  First  of  all  I  have  watched  this 
scientific  field  grow  in  the  last  20  years  from  an  impractical  daydream  to  its  present  state  of  spec¬ 
tacular  success.  Just  after  the  war,  I  went  to  Ohio  State  to  become  educated  in  infrared  physics. 
t  Our  experimental  apparatus  was  for  the  most  part  completely  conventional.  We  did  not  have  any 

fancy  computers  or  electronics,  but  we  did  have  newer  bigger  gratings  and  some  of  the  improved 
infrared  detectors  that  had  been  developed  during  the  war.  All  around  me  students  were  writing 
theses  on  improved  high  resolution  studies  of  various  molecules.  So  I  wrote  a  thesis  using  a  simple 
Perkin-Elmer  prism  spectrometer  and  at  the  lowest  resolution  possible:  the  slits  were  wide  open — 
,  2-mm  wide.  I  was  at  Columbus  when  Marcel  Golay  gave  his  first  paper  on  multiplexing  with  his 

multislit,  and  I  heard  Peter  Fellgett — who  was  then  at  Michigan — first  describe  the  multiplex  gain. 
Brilliant  ideas  were  flashing  all  around  in  those  days,  but  I  was  incombustible.  However,  after 
leaving  Ohio  State  I  came  to  AFCRL  where  we  were  able  to  encourage  infrared  interferometry  by 
sponsoring  the  research  of  many  of  the  groups  who  are  represented  here  at  this  meeting. 

Secondly,  I  have  been  editor  of  Applied  Optics  since  its  inception  in  1960,  and  that  journal  owes 
much  of  its  prospt  ity  to  the  renaissance  in  modem  optics  brought  about  not  only  by  the  laser  but 
also  by  the  availability  of  computers.  Faint  Raman  lines  that  used  to  take  days  of  exposure  time 
with  a  mercury  arc  source  are  now  recorded  in  milliseconds  by  using  a  laser,  and  magnificent  spectra 
of  "molecular  absorption  in  the  at  mospheres  of  faint  stars  and  planets  are  now  obtained  by  Fourier 
spectroscopy.  Wavefront  reconstruction,  holography,  and  Fourier  spectroscopy  are  some  of  the 
fields  that  Applied  Optics  has  tried  to  provide  a  home  for,  and  I  have  enjoyed  presiding  over  some 
of  the  happy  squabbles  in  these  fields. 

I  have  a  third  interest  in  the  topic  of  this  symposium  because  as  most  of  you  know  the  Research 
Library  at  the  Air  Force  Cambridge  Research  Laboratories  contains  most  of  the  scientific  papers, 
correspondence,  and  other  manuscript  materials  of  the  third  Lord  Rayleigh.  Rayleigh  was  a  friend 
of  Michelson;  they  visited  each  other  several  times  and  also  corresponded.  Rayleigh  gave  Michelson 
much  advice  on  how  to  interpret  the  interferograms  Michelson  was  obtaining  with  his  interferometer. 
But  Rayleigh  took  no  personal  credit  for  this  advice.  He  said  the  theory  has  been  known  for  a  long 
time:  Fourier  worked  it  out  nearly  one  hundred  years  ago. 
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Aspen  International  Conference 
on  Fourier  Spectroscopy,  1970 


Introduction 


The  Aspen  International  Conference  on  Fourier  Spectroscopy  (Aspen  Conference)  held  March  16-20, 
1970,  in  Aspen,  Colorado,  was  the  fourth  conference  wholly  or  par.iaiiy  devoted  to  the  technique  of 
Fourier  spectroscopy.  The  Bellevue  Conference  in  1957  and  the  Orsay  Conference  in  1966  were  sponsored 
by  the  Laboratoire  Aime'”  Cotton  of  the  Centre  National  de  la  Recherche  Scientifique  and  the  MISFITS 
Conference  in  1964  was  sponsored  by  the  Mellon  Institute  in  Pittsburgh,  Pa.  The  Aspen  conference  was 
sponsored  by  the  Air  Force  Cambridge  Research  Laboratories,  but  the  papers  presented  at  the  Conference 
and  presented  Iterein  do  not  necessarily  reflect  the  views  of  either  the  editors  or  the  sponsor. 

The  proceedings  are  made  up  of  the  text  material  from  the  tutorial  sessions,  which  were  given  during  the 
first  2  days  of  the  conference,  plus  invited  and  contributed  papers.  The  emphasis  was  placed  on  current 
applications,  techniques,  and  data  obtained  rather  than  on  subjects  of  purely  spectroscopic  interest.  Various 
organizations  had  exhibits  on  display  on  March  18th;  these  exhibits  are  also  described  in  this  volume. 

This  conference  was  arranged  and  conducted  through  a  contract  with  the  Electro-Dynamics  Laboratories 
of  Utah  State  University.  The  organizing  committee  consisted  of  Dr.  George  A.  Vanasse,  AFCRL, 
Co-Chairman;  Dr.  A.  T.  Stair,  AFCRL,  Co-Chairman;  Dr.  Doran  J.  Baker,  Utah  State  University,  Secretary; 
Dr.  Glen  Smerage,  Utah  State  University,  Manager;  Dr.  Ely  Bell,  Ohio  State  University;  and  Dr.  Larry 
Mertz,  Smithsonian  Astrophysical  Observatory.  Mr.  King  Woodward  of  the  Institute  for  Humanistic  Studies 
of  Aspen  was  host  for  the  Conference.  Professor  Pierre  Jacquinot  of  C.  N.  R.  S.  gave  the  feature  talk  at  the 
conference  banquet  applying  the  advantages  of  multiplexing  to  the  administration  of  scientific  research. 
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Fourier  Spectroscopy:  An  Introduction 


Ernest  V.  Loewenstein 

Air  Fore*  Cambridge  koiaarch  Labor atorirn, 
Radford,  ManachutatH 


Abstract 


In  this  paper  we  start  with  an  elementary  discussion  of  the  Michelson  inter¬ 
ferometer,  leading  into  an  extensive  discussion  of  the  mathematics  involved  in 
Fourier  spectroscopy.  Emphasis  is  placed  on  the  use  of  the  convolution  theorem. 
The  maximum  allowable  solid  angle  of  light  beam  illuminating  an  interferometer  is 
derived  and  compared  with  grating  instruments.  Special  aspects  of  Fourier  spec¬ 
troscopy  such  as  apodization,  noise,  and  mathematical  filtering  are  discussed. 


1-1  THE  MULTIPLEX  PRINCIPLE 

The  superiority  of  Fourier  spectroscopy  over 
grating  spectroscopy  for  high  resolution  work  under 
low  light  level  conditions  has  been  incontrovertibly 
demonstrated  by  the  Conneses  in  their  near  infrared 
planetary  spectra1.  There  are  many  reasons  why  the 
Fourier  method  is  inherently  superior.  The  two  most 
often  quoted  are  the  multiplex  advantage  (Fellgett) 
and  the  aperture  advantage  (Jacquinot).  In  addition, 
absolute  wavenumber  accuracy  is  guaranteed  by  the 
known  wavelength  used  for  carriage  control,  the 
physical  apparatus  is  inherently  simple,  and  both 
stray  light  and  overlapping  spectral  orders  are 
eliminated.  The  multiplex  gain  is  the  salient  feature 
of  Fourier  spectroscopy,  and  we  will  commence  with 
an  elementary  derivation. 

Let  us  assume  that  the  spectrum  to  be  investigated 
extends  from  <i\  to  v2  wavenumbers,  that  the  desired 
resolution  is  Jcr,  that  the  system  is  detector-noise 
limited,  and  the  time  available  for  the  study  is  T. 


We  define  the  number  of  spectral  elements: 


_ <Ti 

m"  . 

ta 


If  we  observe  each  element  sequentially  (as  with  a 
grating  spectrometer)  for  a  time  T/m ,  the  signal  to 
noise  ratio  will  be  proportional  to  ( T/m)vi ,  while  if 
we  observe  each  element  for  the  entire  time,  T,  the 
signal  to  noise  for  each  element  will  be  proportional 
to  T’*'*.  There  is  thus  a  gain  of  a  factor  of  m1'*  when 
all  the  spectral  elements  are  observed  concurrently, 
which  is  the  multiplex  gain.  It  sometimes  happens, 
as  in  emission  spectroscopy,  that  parts  of  the  spectral 
range  C\  to  contribute  no  energy  to  the  signal. 
The  effective  number  of  spectral  elements  is  then 


tontine  pin  black 
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k<m,  but  there  remains  a  multiplex  advantage  as 
long  as  k>  1. 

There  must,  of  course,  be  a  method  of  coding  the 
spectral  elements  so  that  they  can  subsequently  be 
separated  unambiguously.  This  method  is  provided 
by  the  two-beam  interferometer  that  changes  each 
wavenumber,  a,  in  the  spectrum  into  an  electrical 
frequency,  /,  according  to  the  equation 


f-va  (1-2) 


where  v  is  the  rate  of  change  of  path  difference.  The 
superposition  of  all  these  frequencies  is  the  inter- 
ferogram,  which  is  then  reduced  to  a  spectrum  by 
means  of  a  Fourier  transformation.  The  Michelson 
interferometer  (or  one  of  its  variants)  is  almost 
universally  used  for  Fourier  spectroscopy,  and  all 
discussions  in  this  paper  refer  directly  to  it. 

1  -2  THE  MICHELSON  INTERFEROMETER  I:  ELEMENTARY 
CONSIDERATIONS 

An  elementary  discussion  of  the  Michelson  inter¬ 
ferometer  serves  as  a  convenient  starting  point  to 
introduce  many  of  the  ideas  we  will  need  in  Fourier 
spectroscopy  and  to  lead  us  into  the  background 
mathematics  that  will  be  developed  in  Section  1-3. 
The  interferometer  and  collimating  optics  are  illus¬ 
trated  in  Figure  1-1.  In  this  initial  discussion  we  will 


Figure  M.  Miehelnon  Interferometer.  ,V>  and  Mt  are  the 
i-nii  mirror*.  .If*'  ia  the  image  of  .Wj  aa  seen  through  the  t  eam- 
*|>litter  (IIS) 


assume  tin  on-nxis,  qunsi-monochmmntic  pomi  source 
and  a  beamsplitter  of  negligible  thickness,  with 


(complex)  amplitude  transmittance  and  reflectance 
t  and  r,  respectively.  Let  the  incident  wave  be 
A  exp  [t(fc»f— 2wxtr)].  Then  the  net  amplitude  emerg¬ 
ing  from  the  interferometer  in  the  direction  of  the 
detector  is 


=  A  (r()[e’<“<-2,*,')+e,'<“<-8,*,'>]  (1-3) 


where  X\  and  x2  are  the  round-trip  distances  from  the 
beamsplitter  to  Af  \  and  At 2,  respectively.  The  energy 
reaching  the  detector  is: 


£det  =  |Adct|2^2A2|rt|*[l+cos2T(xi-X2)o']-  (1-4) 


Let  A2=*B(a)  da;  |r<|2  =  £,  the  beamsplitter  effi¬ 
ciency;  xi  — X2=x,  the  path  difference.  Then 


2?dtt  =  2EB(<r)[l  +cos  2t<tx]  dtr.  (1-5) 


The  interferogram  is  defined  as  the  varying  part  of 
Eq.  (1-5);  i.e., 


d/(x)  * 2EB(ar)(cos  2sxrx)  da  (1-6) 


and  we  see  immediately  that  the  interferogram 
produced  by  a  quasi-monochromatic  line  is  a  cosine 
function.  A  broad  spectral  range,  then,  requires  an 
integral  over  a: 


I(x)  -  (m  d/(x)  - 26  fm  B{a)(cm  2 rax)  da  (1-7) 
Jo  Jo 


which  is  the  cosine  Fourier  :ntegral  of  the  spectrum. 
The  recover)  of  the  spectrum  in  then  achieved  by 
taking  the  inverse  Fourier  transform. 

It  is  worthwhile  to  make  a  slight  digression  at  this 
point  to  show,  in  an  order-of-magnitude  calculation, 
the  relationship  between  the  resolution,  a,  and  the 
maximum  path  difference,  L,  attained  in  the  inter- 
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ferogram.  We  take  as  an  arbitrary  criterion  that  the 
minimum  resolvable  wavenumber  interval  occurs 
when  there  is  a  difference  of  one  cycle  of  interference 
between  two  closely  spaced  lines.  Thus,  we  have 
for  one  of  the  lines 


L  -  m/a  (1-8) 


coefficients,  energy  levels,  or  any  of  a  host  of  other 
spectroscopic  quantities.  It  may  even  be  used  to 
control  the  entire  process  from  taking  the  interfero- 
gram  to  producing  a  graphical  display  of  the  results. 

1-3  MATHEMATICS  FOR  FOURIER  SPECTROSCOPY 

1-3.1  The  Fourier  Integral 

The  Fourier  integral  may  be  defined  by  the  pair  of 
equations 


and  for  the  other 


T  m+1 

L  a+&a' 


(1-9) 


M-r  F(a)ei2'”da  (l-12a) 
J  —00 

F(a)  =  f(x)e~i3rx"  dx  (l-12b) 

J  — ac 


or  by  the  representation  equation 

Eliminating  L  between  Eqs.  (1-8)  and  (1-9),  we  have 


5a=*a/m, 


f(x)  =  /•  r  r  Me-*9"  dx 1  e*2"'  da.  (1-13) 
(1-10)  J-mlJ-m  J 


and  substituting  from  Eq.  (1-8)  we  find  that,  for  an 
order  of  magnitude  criterion, 


&a**l/L.  (1-1 1) 


The  resolution  of  the  interferometer  is  inversely 
proportional  to  the  path  difference  between  the 
interfering  beams.  This  is  identical  with  the  situation 
we  find  in  the  use  of  a  diffraction  grating,  which  gives 
its  highest  resolution  when  vised  at  gracing  incidence, 
where  the  path  difference  between  the  extreme  inter¬ 
fering  rays  is  a  maximum. 

Returning  now  to  the  question  of  reducing  the 
interferogram,  we  see  that  we  must  discuss  not  only 
the  Fourier  transform  but  also  sampling  theory, 
because  are  must  sample  the  interferogram  to  read 
it  into  the  digital  'computer.  The  question  of  analog 
computation,  which  has  received  some  attention  in 
the  past,  need  no  longer  concern  us.  The  analog 
computer  has  severely  limited  accuracy  and  dynamic 
range  compared  to  even  the  smallest  modem  digital 
computer.  The  advent  of  the  fast  Fourier  transform 
has  eliminated  considerations  of  cost  and  computing 
time.  The  digital  computer,  furthermore,  may  be 
programmed  to  do  much  more  than  merely  compute 
the  Fourier  transform.  It  may,  for  example,  be  used 
to  compute  line  positions,  or  intensities,  absorption 


The  reciprocal  quantities  x  and  a  have  dimensions  of 
length  and  inverse  length  respectively.  Fourier 
transform  pairs  will,  with  one  exception,  be  denoted 
by  using  lower  and  upper  case  of  the  same  letter; 
i.e.,  F(a)**F.T.  (/(x)].  The  exception  is  that  the 
interferogram  and  spectrum  will  be  denoted  by  /(x) 
and  B(a),  respectively.  The  meaning  of  Eq.  (1-13) 
is  that  /(x)  may  be  represented  by  the  process  de¬ 
scribed,  i.e.,  a  “round  trip*  through  the  Fourier 
transform.  The  existence  conditions  are:  (1)  /(x) 
must  be  absolutely  integrable,  i.e., 


/•j/(x)|</x<Af 


where  M  is  some  finite  number,  and  (2)  /(x)  may  have 
at  most  a  finite  number  of  finite  discontinuities.  At  a 
point  of  discontinuity,  it  can  be  shown  that  the  in¬ 
tegral  of  Eq.  (1-13)  converges  to  i(/(x+)+/(x— )|, 
i.e.,  the  midpoint  of  the  jump.  Certain  obvious 
functions  that  do  not  have  Fourier  transforms  are: 

(I)  A  constant 

\2)  Any  periodic  function 

(3)/(x)-l/x. 

A  pictorial  table  of  some  elementary  and  useful 
Fourier  transforms  is  given  in  Figure  1-2,  and  we  use 
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-1/2  0  1/2 


r«ct(X)  •  }q 


IXKl/2 
I XI  >  1/2 


Sine  (o’)* 


Sin(ro) 

•va 


and  the  consequences  of  this  truncation  will  be  dis¬ 
cussed  presently. 

There  are  three  important  theorems  regarding 
Fourier  transforms  that  we  shall  need  upon  occasion, 
and  they  are  listed  here  without  proof : 

Shift  theorem 


i 


A 

JUX  Slnc^  Iff) 


fT|/(x+a)J»«‘J""f»  (1-17) 


Scale  change 


(W8) 


Figure  1-2.  Some  Useful  Fourier  Transform  Pairs 


this  occasion  to  define  these  useful  functions: 


nSI 

(1-14) 

Si! 

(1-lfi) 

.  .  sin  xx 

sme  (xl  — - 

irx 

0-16) 

Rayleigh’s  Theorem 


£  l/(*)|2  dx= £  |F(o)!a  da.  (1-19) 


(Rayleigh’s  theorem  is  the  analog  of  Parseval’s 
theorem  for  Fourier  series).  The  proof  of  the  first 
two  is  accomplished  by  a  simple  change  of  variable; 
the  third  is  slightly  longer  and  may  be  found  in 
Bracewell2. 

1-3.2  Evan  and  Odd  Functions' 

An  even  function  is  one  for  which 


E(x)  -E(-x) 


» 


The  value  of  rect  (x)  at  x«  ±4  is  not  defined,  but  we 
wilt  only  be  using  it  in  the  form  of  Fourier  transforms 
and  thus  will  automatically  get 


while  an  odd  function  has 


rect  (-J) -rect  (J)-J. 


0(x)--0(-x). 


The  functions  illustrated  in  Figure  1-2  are  also  an 
example  of  the  fact  that  at  least  one  of  a  Fourier  pair 
has  infinite  extent.  In  the  case  of  Fourier  spectroscopy, 
a  spectrum  of  finite  extent  produces  an  interferogram 
of  infinite  extent,  which  must  of  course  be  truncated, 


Any  complex  function  may  be  written  as 

/(x)  -  A''(x)+0'(x)+i1«"(x)+0M(*}).  (1-20) 
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The  Fourier  transform  of  any  even  function  reduces  provided  that  /( i)  is  continuous  at  x  =  0.  The 

to  a  cosine  transform,  for  an  odd  function  it  becomes  a  normalization  condition  is  added: 

sine  transform.  Thus 


F(<t)  =FT[f(x)] =2  f"  E'(x)  cos  2 vox  dx 
Jo 

+2i  [*  E"(x)  cos  2vax  dx 
Jo 

+2i  [*  0'(x )  sin  2ir ax  dx 
Jo 

—2  f "  0"  sin  2rax  dx. 

Jo 


If  we  now  consider  only  real  f(x),  such  as  the  inter- 
fero grams  encountered  in  Fourier  spectroscopy,  we 
have 


[*  S(x)dx= 1.  (1-23) 

J — 00 


This  function  is  often  referred  to  as  the  Dirac  i- 
function,  but  it  was  not  entirely  an  original  idea  with 
Dirac;  physicists  had  long  felt  the  need  of  a  function 
that  is  large  in  a  localized  region  and  small  every¬ 
where  else,  to  pick  out  the  value  of  a  field  variable  at 
one  point.  Dirac  originally  defined  i(x )  as  if  it  were  a 
proper  function  with  a  value  f(x)  assigned  to  every  x. 
This  procedure  quickly  encounters  trouble  with  the 
mathematical  formalities,  but  this  can  be  largely 
avoided  by  using  Eq.  (1-22)  to  define  the  one  property 
of  S(x)  that  we  really  need.  (A  discussion  of  the 
mathematical  niceties  is  given  by  Papoulis3.) 

Two  important  properties  of  S( x)  easily  shown  by 
change  of  variable  are: 


E"(x)*0"(x)mO 


J^i(x-a)f(x)dx-M  (1-24) 


and 


and 


« 


F(a)  [*  E'(x)  cos  2rm  dx 
Jo 

+2t  fm  0'(x)  sin  2iwx  dx.  (1-21) 
Jo 


dx  -|i{  S(x)f 


dx. 


(1-25) 


Using  the  form  of  Eq.  (1-24),  we  consider  the  Fourier 
transform 


» 


The  spectrum,  thus,  b  Hermitian,  or  complex  sym¬ 
metric;  i.e., 


F(<r)-F*(-rr). 


/T(4(*-a)! 


i(z~a)c',w”  dx 


(1-28) 


ThAt  is,  no  matter  how  badly  distorted  the  inter- 
fcrogram  may  be,  the  spectrum  derived  from  it  is  not 
worse  that  Eq.  (1-21)  (which  is  bad  enough). 

1-3.3  The  J  Function 

The  I  fune'ion  is  beat  defined  in  terms  of  the  im¬ 
portant  sifting  property 


which  is  a  monochromatic,  complex  harmonic  func¬ 
tion.  To  get  a  real  harmonic  function  we  may  use 
either  of  the  following: 


rnj{4{r-o)  +  *(x+«)))-ca(2iw«  (l-27a) 


or 


% 


I^Hx)pz)dx-f(0), 


0-22) 


F7\  -  »/2(l(*-«)  -  <(x+e)))-«n  2xva.  (l-27b) 
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The  inverse  Fourier  transform,  however,  does  not 
exist,  since  the  results  in  Eqs.  (1-26)  und  (1-27)  are 
not  absolutely  integrable.  The  5  -function,  therefore, 
is  not  strictly  suite*1  to  Fourier  theory,  unless  we 
somehow  terminate  its  harmonic  transform.  We 
shall  consider  the  consequences  of  doing  this,  after 
discussing  the  convolution. 

1-3.4  Convolution  and  Autocorrelation 

We  define  the  convolution  of  two  functions 


A(j)  =/(x,  •  g(x)  -J”  f(u)g(x—u)  du  (1-28) 


and  the  autocorrelation  of  a  function 


fact,  it  is  the  distance  between  the  origins  that  is  the 
independent  variable  of  the  convolution,  h(x).  The 
entire  procedure  of  convolution  may  be  outlined  as 
follows: 

(1)  Reverse  one  of  the  functions,  say  fix).  (It  is 
immaterial  which  one  is  reversed,  since  it  is  elementary 
to  show  that  /  *  g  =  g  *  /.) 

(2)  Displace  the  origin  of  f(x)  to  the  left  by  some 
sufficient  distance ;  call  it  x0. 

(3)  Lay  the  reversed,  displaced /(j)  over  g(x). 

(4)  Multiply  the  functions  in  the  overlap  region 
and  integrate  the  product. 

(5)  This  forms  the  convolution  at  x=  — x0. 

(6)  Move  the  displaced  function  to  the  right  by  a 
distance  Ax,  and  repeat  the  procedure. 

The  “sufficient"  distance,  mentioned  in  Step  2,  is 
obvious  in  the  case  cf  functions  of  finite  extent  in  x; 
it  is  the  minimum  distance  necessary  to  produce  zero 
overlap.  Figure  1-3  illustrates  progressively  the 


/(*)  ★  f(x)  =  /_”  fix')  fix’ +x)  dx'.  (1-29) 


We  shall  consistently  use  the  asterisk  and  the  five- 
pointed  star  to  represent  convolution  and  autocor¬ 
relation,  respectively.  The  autocorrelation  for  even 
functions  is  easily  shown  to  be  self-convolution  of  the 
function.  These  two  processes  are  important  to  us 
because  there  is  a  useful  theorem  regarding  the 
Fourier  transform  of  eacii.  The  convolution  theorem 
states 


rr\fix)  .  <,(/)!  -  AT(/(x))  •  FT\i,ix)),  (1-30) 


i.e.,  the  Fourier  transform  of  a  eonvomtion  of  two 
functions  is  the  product  of  the  Fourier  transforms  of 
the  individual  functions.  Multiplication  and  con¬ 
volution  may  thus  be  interchanged,  at  the  cost  of 
performing  some  Fourier  transforms.  The  theorem 
regarding  the  autocorrelation  is  the  Wiener-Khinchine 
theorem.  which  states  that  the  Fourier  transform  of 
the  autocorrelation  of  a  function  is  its  power  spectrum. 
This  provides  the  necessary  link  between  the  inter- 
fotogram  ami  the  spectnu.v  for  an  interferogram  i* 
the  autocorrelation  of  the  incident  wave  amplitude. 

It  i»  worth  spending  a  little  time  to  clarify  graph¬ 
ically  the  meaning  of  the  convolution,  as  contrasted 
with  multqdieation.  In  multiplication  the  product  of 
two  functions  is  obtained  simply  from  the  product  of 
the  ordinates  in  the  region  of  overlap,  when  one  is 
placed  liver  the  other  wiSh  their  origins  coincident. 
Convolution  involves  a  diqdaerroent  of  the  origin  of 
one  of  tin*  function*  with  respect  to  tlic  other  ami.  in 
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Figure  1-3.  Illustration  at  (he  Convolution  Pfts- 
re».  t  siag  Ike  Convolulionof  'l  *o  Rert  KiuvrUooS. 
The  pmgmo  uf  the  ronvoi.uion  ftmriwr.,  *(*).  is 
shown  u  the  ronwlrsnl  w  slid  *hmg 


convolution  of  two  reel  functions.  While  it  is  true 
that  thi*  example  is  equally  the  autocorrelation 
funrtion,  its  simplicity  ami  clarity  comroeml  it  to  us. 
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The  interested  reader  will  find  numerous  oti^-r 
examples  illustrated  in  Chapter  3  of  Bracewell2. 

It  is  not  always  so  easy  to  see  through  the  con¬ 
volution  process,  and  we  now  turn  to  an  example 
where  the  convolution  theorem  is  useful.  Let  us  in¬ 
quire  for  the  convolution. 


h(x)  =  sinc  (x)  *  sine  (x). 


These  are  functions  of  infinite  extent  with  m_ny 
“wiggles",  and  graphical  methods  will  obviously  lead 
to  confusion.  We  may  take  the  Fourier  transform 


H(<r)  =  FT[ sine  (x)  •  sine  (x)l 


rect  of  the  same  width  does  not  alter  the  frequency 
content  and  thus  gives  back  the  original  function  in 
the  x  domain. 

In  the  examples  above  we  hnve  illustrated  the 
convolution  of  two  functions  of  equal  width.  The 
more  common  situation  is  that,  one  of  the  convolvants 
is  considerably  narrower  than  the  other.  Con  ider, 
for  example,  the  convolution  of  a  reet  function  -ith 
an  arbitrary  function  that  has  features  *  h  t  are 
narrow  compared  to  the  width  of  the  rect  ft v  lion. 
The  effect  of  the  convolution  is  to  smooth  out  the 
narrow  features.  This  is  the  “blurring"  or  “running 
average"  property  of  the  convolution.  The  average 
we  get  is  weighted  by  the  shape  of  the  narrow  con- 
volvant,  and  considerable  distortion  can  result  if  its 
shape  is  sufficient'  outlandish. 

As  a  final  example  of  the  convolution  theor-  ■  we 
will  illustrate  the  effect  of  truncating  the  interfero- 
gram.  It  will  be  recalled  that  the  interferogram  arising 
from  a  pair  of  6  functions  centered  at  ±<r0  is 


cos  2t<Tox.  Now  assume  this  is  truncated  by  rect 
The  interferogram  then  becomes 


x 

Z‘ 


and,  by  the  convolution  theorem,  Eq.  (1-30), 


W(«r)  -  FT! sine  (x)]  -  fTJsinc  (x)]. 


We  already  know  that  the  Fourier  transform  of  sine  (x) 
is  rect  (<r)  (see  Figure  1-2),  so 


H  ( 9 ) « reel  (a)  *  rect  (*) « rect*  (cr)  -  rect  (<r) 


and 


Mx}.F7V/(e)  I -sine  (x). 


We  have  the  rather  surprising  conclusion  that 
sine  •  sine  -  sine  (and  also  incidentally  that  *inc  lx) 
is  its  own  autocorrelation).  This  is  less  surprising 
when  we  consider  that  the  frequency  content  of  the 
sine  function  is  given  by  the  rect  function,  which  is 
constant  up  to  some  cutoff.  Multiplying  by  another 


7*(x)  =cos  2inrox  rect 


and  the  Fourier  transform  is: 


(Kw-ffoH  *(<r+cr«)|  •  sine  {La), 


The  sine  function  v  referred  to  as  ;hr  scanning  func¬ 
tion  for  rectangular  truncation  Its  r-nvolution  with 
the  i  function  yields  sine  function  spectral  lines. 
These  of  course  arc  considerably  distorted  from  the 
lines  we  started  with,  since  the  4  fund  am  has  arm 
width  and  no  side  lobe*.  The  width  of  the  sow 
fund  ion  at  half  maximum.  which  n.ay  he  taken  a*  a 
measure  of  the  resolution  of  the  interferometer.  i« 
1  2/,.  This  is  in  nmssnnrr  with  our  previous  onlor- 
of-niagnitudc  ralcnlateui  that  yielded  I  /,.  The  *rdc 
lobes  of  the  siuc  fund  ion  are  particularly  uhde«jrable, 
for  when  convolved  with  a  spectral  feature  narrow 
compared  l->  1  21,  they  can  product’  spurious  tecilla- 
rions.  which  are  exemplified  in  the  well-known  l«»bbs‘ 
phenomenon.  These  ■mk  lobes  nuiv  be  suppressed 
by  the  jiros'ess  of  np- ablation  that  is  ditcussml  in 
{■Section  1  6  of  this  pa|«-r 
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1  -3.5  Sampling  and  Replicating,  the  Shah  Function 

The  sampling  function,  known  as  lu(x)  (shah),  or 
the  6  function  comb,  is  defined  as 


We  shall  be  concerned  with  uj  not  only  as  a 
sampling  but  also  a  replicating  function.  These 
properties  are  illustrated  in  Figure  1-4.  Sampling  is 


MULTIPLICATION 


00 

uj(r)=  XI  5(x— n)  (1-31) 

n  — ->x 


which  is  a  series  of  S  functions  at  the  integers.  It  is 
quite  obvious  that 


uj  (x  4- m)  =  lu  (x)  (m  =  any  integer) 


and  it  is  not  difficult  to  show  that 


u(4X)  A  (XI 

CONVOLUTION 


Lu(ax)  “T— r  UJ 

(a) 


(1-32) 


Figure  1-4.  The  Use  of  the  uj  Function  for  Sampling 
(by  multiplication)  and  Replicating  (by  convolving). 
There  is  an  understood  .ntegral  over  the  infinite  range  in 
the  multiplication  process 


accomplished  by  multiplication 

Less  obvious,  but  of  paramount  importance  for  our 
study  of  Fourier  spectroscopy,  is  the  fact  that  uj  is 
its  own  Fourier  transform: 

lu(x)/(x)=  X)  f(n)  d(x-n)  (1-34) 

n  =  —  oo 

fT[uj(ax))=i  uj(ff/n).  (1-33) 

and  replication  by  convolution 

This  is  snown  as  follows: 


-n  ± 


The  right-hand  side  is  familiar  from  the  theory  of 
diffraction  gratings  or  Fnbry-Perot  interferometers 
tvs  a  series  of  spikes  of  frequency  1/a;  since  the  sum 
truly  extends  to  infinity,  the  spikes  in  this  case  are 
infinitely  sharp. 


lu(x)*/(x)=  XI  f(x—n).  (1-35) 

n  =*— oo 


The  difference  between  these  two  processes  is  the 
sliding  property  of  the  convolution,  as  has  been 
discussed  above. 

When  sampling  an  interferogram  (or  any  function) 
it  of  primary  importance  to  know  what  sampling 
frequency  is  needed.  This  information  is  supplied 
by  the  sampling  theorem  that  will  be  illustrated  here, 
rather  than  rigorously  derived.  Assume  we  have  a 
spectrum  B(a)  extending  from  0  to<rm&x,  as  illustrated 
in  Figure  1-5.  The  interferogram  is  /(x),  and  it  is 


(panK'J^wp? 
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Figure  i-5.  Illustrating  the  Replication  of  the  Spec  trim 
Arising  From  the  Sampling  of  the  Interferogram.  The  last  lire 
is  used  to  show  that  the  sampling  interval  in  the  interferogram 
must  be  Ax  =  iowr 


highest  frequency  present  in  the  record  in  order  to 
avoid  overlapping,  or  aiiasine  as  it  is  called  in  com¬ 
munication  theory.  (This  sampling  frequency  is 
called  the  Nyquist  frequency  in  electrical  engineering.) 

In  case  the  spectrum  is  band  limited,  i  e. ,  extends 
from  cry  to  o 2,  where  t/]  ^0,  we  may  be  able  to  realize 
a  saving  in  sampling,  as  illustrated  in  Figure  1-6. 


-1  0  +1 


-2  -1  0  +1  +2 


sampled  at  intervals  Ax;  the  sampled  interferogram  is 


The  spectrum  derived  from  the  Fourier  transform  of 
this  interferogram  is 

=  (Aa-)uj(£-)  *  B{ <r) 

(Air  =  1 /Ax). 

It  is  clear  from  Figure  1-5  that  in  order  to  avoid 
overlap  we  must  assure  that  Ac  >  2 <r  max,  which  makes 


Figure  1-6.  The  Replicated  Spect  ra  for  the  Band  Limit¬ 
ed  Sampling  Theorem  are  Shown  for  the  Case  Where  the 
Sampling  Interval  in  (b)  was  Ax  =  l/vml  and  in  (e) 
Ax  =  1  /2(a:  —  a  1 ).  Each  vertical  line  is  one  element  of  the  in 
function  and  is  given  an  ordiual  number  that  is  assigned 
starting  from  zero  at  the  center  of  the  original  spectrum. 
There  is  a  pair  of  replicated  spectra  about  each  of  these 
elements,  and  each  replicated  spectrum  is  denoted  by  the 
ordinal  number  of  the  element  it  belongs  to  L0,  1,2,..  .) 
and  the  letter  L  or  R,  depending  upon  whether  it  is  the 
left  or  right  member  of  the  pair.  The  purpose  of  the 
illustration  is  to  show  that,  in  the  case  a  2  =  2a , ,  halving 
the  ordinary  sampling  interval  produces  no  overlap. 


There  we  have  a  spectrum  extending  from  t,o  2a \ 
and  we  see  that  the  space  from  0  to  <ri  may  be  filled  in 
with  a  replicated  spectrum  without  incurring  any 
overlap.  This  is  an  illustration  of  the  band-limited 
version  of  the  sampling  theorem  that  provides  that 
if  the  spectrum  is  limited  to  the  band  (<ri,<r2),  the 
interferogram  may  be  sampled  at  the  rate 


Ax=l/(2(<r2-<r,)),  (1-37) 


A*<2“ -  •  (1-36) 

max  but  with  the  important  auxiliary  condition  that 


This  is  the  basic  sampling  theorem;  i.e. ,  that  we  must 
sample  at  a  rate  equal  to  the  reciprocal  of  twice  the 


<r2  =  /i(<r 2— <fi)  where  h  =  an  integer,  (1-38) 


12 


i.e. ,  that  the  highest  frequency  be  an  integral  multiple 
of  the  bandwidth.  (A  few  minutes  spent  in  making  a 
drawing  similar  to  Figure  1-6  in  which  Eq.  (1-dS)  is 
not  satisfied  will  serve  to  convii.ee  the  reader  that 
this  is  so.) 

1-4  THE  MICHELSON  INTERFEROMETER,  II:  ETENDUE 
GAIN  AND  APERTURE  EFFECTS 

1-4.1  Size  of  the  Aperture  in  a  Michelson  Interferometer 

In  Section  1-2  we  discussed  the  Michelson  inter¬ 
ferometer  illuminated  by  a  parallel  bundle  o?  radia¬ 
tion  emanating  from  a  point. source.  In  the  real 
situation  an  extended -source  is  used  and  we  have 
rays  that  are  not  parallel  to  the  axis.  This  produces 
the  well-known  circular  fringe  pattern  when  the 
planes  of  U  (  and  M2  are  parallel  (Figure  1-1).  The 
diameter  of  the  rings  is  a  maximum  at  zero  path 
difference,  and  we  will  concentrate  our  attention  on 
the  central  spot  to  answer  the  question:  what  is  the 
largest  usable  aperture  the  interferometer  may 
subtend. 

The  ring  pattern  is  illustrated  in  Figure  1-7  for  the 


include  only  one  fringe,  otherwise  the  interferogram 
will  exhibit  no  variation  of  intensity  with  path 
difference. 

The  shrinking  of  the  ring  pattern  with  increasing 
path  difference  requires  that  we  set  the  aperture  to 
the  size  of  the  central  spot  at  maximum  path  dif¬ 
ference.  The  revision  of  Eq.  (1-5)  for  the  fringe 
pattern  to  include  off  axis  rays  is 


dE = 26 B(ff)  dff[l+cos  (2v<rx  cos  a))  dQ,  (1-39) 


where  a=the  angle  between  the  ray  and  the  axis  and 
dU  is  the  solid  angle  element. 

If  we  ehoose  the  path  difference  so  that  the  center 
of  the  pattern  has  an  intensity  maximum,  then  the 
position  of  the  first  minimum  may  be  computed 
from  Eq.  (1-39).  Using  the  small  angle  approxima¬ 
tion,  we  treat  the  argument  of  the  cosine  function 


DARK 


2irax  cos  a~2ic<rx 


The  phase  difference  between  the  central  ray  and  the 
ray  of  the  first  intensity  minimum  is  it  : 


► 


Figure  1-7.  Upper  Drawing:  Ring  Pattern 
of  Michelson  Interferometer  Illuminated  by 
Quasi-monochromatie  Radiation  With  Finite 
Solid  Angle;  Lower  Drawing:  Intensity  Varia¬ 
tion  Across  the  Pattern  Illustrated  Above 


situation  where  the  intensity  is  a  maximum  at  the 
center  (this  illustration  still  applies  to  quasi-mono- 
chromatic  illumination).  As  the  path  difference  is 
increased,  the  rings  shrink  and  the  intensity  at  any 
point  varies  sinusoidally  from  a  maximum  to  a 
minimum.  We  must  therefore  limit  the  aperture  to 


The  solid  angle  subtended  from  the  center  to  the 
first  intensity  minimum  for  x  =  L  and  <r=<rroax  is  then 


£21  =  ™^=^— •  (1-40) 


Another  effect  on  the  interferogram  arises  from  the 
integration  of  Eq.  (1-39).  Using  the  small  angle 
approximation,  and  setting  £2  =  7Ta2,  the  integration 
over  solid  angle  yields: 


* 
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The  interferogram  function  is  defined  as  the  second  “throughput"  or  “light-grasp”  or  even  by  the  unhappy 

term  on  the  right.  There  are  now  two  distinct  new  term  “luminosity”. 

features:  the  interferogram  is  modulated  by  a  sine  We  have  already  determined  the  solid.angle  for  the 

function  and  the  wavenumbers  are  shifted  by  an  Michelson  interferometer,  which  we  will  now  rewrite 
amount  dependent  upon  the  solid  angle.  The  mod-  using  the  following  relations: 
ulating  sine  function  has  its  first  zero  at 


hJ  =  \/2L 
R=<r/B<r 

(Sa  =  resolution,  R  =  resolving  power). 


If  the  interferometer  is  driven  beyond  the  first  zero 
of  the  modulating  sine  function,  the  phase  of  the 
fringes  is  reversed  and  energy  is  removed  from  the 
spectrum  rather  than  added  to  it  as  the  path  differ¬ 
ence  is  increased.  The  absolute  maximum  aperture 
we  may  use  is  therefore : 


Substituting  these  into  Eq.  (1-42)  yields 


fi0=2ir/2xr  max*  (M2) 


(1-43) 
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This  aperture  is  twice  that  of  Eq.  (1-41),  but  since  the 
fringe  contrast  is  attenuated  severely  toward  the  end 
of  the  interferogram,  there  is  an  effective  apodization 
(to  be  discussed  further  below)  that  broadens  the 
scanning  function  in  the  spectrum  and  the  gain 
may  be  marginal.  If  Eq.  (1-41)  is  used,  the  fringe 
contrast  at  the  maximum  path  difference  (for  <rro„) 
is  0.64  that  at  the  center,  which  is  not  a  severe 
apodization.  If  the  larger  solid  angle  is  used,  the 
fringe  contrast  (again  for  <rmax)  goes  to  zero,  the 
scanning  function  is  no  longer  sine  (<rL)  but  a  broader 
function,  and  it  is  wavenumber  dependent,  becoming 
narrower  with  decreasing  wavenumber.  For  this 
reason,  the  aperture  is  conventionally  set  in  accord¬ 
ance  with  Eq.  (1-41). 

1  -4.2  Comparison  of  Etendue  for  Michelson  and  Grating 
Spectrometers 

We  define  tn^  6tendue  of  an  optical  system  as 


To  arrive  at  a  corresponding  equation  for  a  grating 
spectrometer  we  note  that  the  solid  angle  subtended 
by  the  exit  slit  is 


where  w  and  l  are  the  width  and  length  of  the  slit, 
respectively,  and  /  is  the  collimator  focal  length.  For 
a  resolution  Her  and  dispersion  dO/d<r,  the  exit  slit 
width  is  given  by 


.de  tde  ff 


making 

where  A  =  area  of  the  collimator,  and  0  the  solid  angle 
subtended  by  the  detector. 

The  Etendue  is  in  general  constant  for  an  optical 
system  (i.e.,  it  cannot  be  increased),  and  it  determines 
the  amount  of  light  that  can  be  transmitted  by  the 
system.  It  is  therefore  sometimes  referred  to  as 
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It  can  easily  be  shown,  using  the  grating  equation, 
that 


^  <7  =  tan  Q~  1 . 


(We  assume  that  6  is  nett  grossly  different  from  45° — 
i.e. ,  that  it  is  not  very  close  to  !K)°  or  0°.  If  it  were  we 
would  have  either  no  energy  or  no  dispersion.)  This 
makes 


=  (1-44) 


and  we  compare  the  4tendues 


E\ i  =  .4  H.w  =  — ^  -  ( 1  -45a) 

=  =  (l-45b) 


Kven  for  a  very  fast  grating  spectrometer,  1'J 
does  not  exceed  which  makes  the  dtendue  of  the 
Michelson  interferometer  better  than  the  grating 
by  a  factor  of  1*00,  for  equal  collimator  area  and 
resolving  power,  all  other  things  being  equal.  This  is 
the  genesis  of  the  so-called  throughput  gain  of  the 
Michelson  interferometer,  which  is  a  direct  result 
of  the  cylindrical  symmetry  of  the  interferometer. 
To  realize  an  aperture  gain  from  the  use  of  the  inter¬ 
ferometer,  it  is  important  to  meet  the  conditions  of 
equal  area  and  equal  resolving  power.  It  is  also 
important  that  the  detector  be  able  to  accept  the 
added  solid  angle  available  front  the  interferometer. 
While  this  is  usually  the  case,  it  requires  attention  in 
the  design  of  the  optical  system. 

1-5  SPECTRAL  RECOVERY 

Although  the  spectrum  is  obtained  in  principle  by 
a  Fourier  transform  of  the  interferogram,  various 
factors  intervene  to  make  the  recovered  sj>ectrum  an 
imperfect  representation  of  the  true  spectrum.  The 
most  important  ones  are: 

1.  Aperture  effect 

2.  Tilt  and  aberrations 


3.  Truncation  % 

4.  Phase  and  compensation  error 

5.  Noise. 

Aperture  effect  has  already  been  discussed  above; 
it  produces  a  shift  of  the  computed  wavenumbers  * 

and  a  reduction  in  contrast  of  the  interferogram  with 
increasing  path  difference.  “Tilt”  refers  to  failure  of 
the  movable  mirror  to  translate  strictly  parallel  to 
itself,  and  its  effect  is  to  change  the  contrast  in  the 
interferogram  as  some  unpredictable  function  of  the 
path  difference.  The  subject  of  tilt  compensation  is 
taken  up  by  Steel  in  Chapter  3.  Aberrations  in  the 
optical  system  can  produce  asymmetric  interfero- 
grams  as  a  result  of  distortion  of  the  interference 
fringe  pattern  (Figure  1-7).  This  destroys  the 
cylindrical  symmetry  of  the  Michelson  interferometer 
and  consequently  reduces  the  6tendue.  If  the  asym¬ 
metry  is  small,  it  can  be  corrected  by  the  procedure 
outlined  below. 

1-5.1  Truncation;  Phase  and  Compensation  Error 

Let  us  assume  that  a  less-than-ideal  interferometer 
produces  an  interferogram,  /(*),  that,  as  a  result  of 
imperfect  compensation  for  the  beamsplitter,  may 
not  be  an  even  function  of  x.  The  sampled  inter¬ 
ferogram  that  goes  to  the  computer  is  then 


I'(x)  m  I(x)T(x)  w  (z+e).  (1-46) 


The  spectrum  recovered  by  a  cosine  Fourier  trans¬ 
form  will  be 


B»  =  \B(<x)  *  f  (*)]«*«  (1-47) 


where  B(a)  is  the  true  spectrum,  4>(<r)  is  the  phase 
function  resulting  from  both  the  compensation  error 
and  the  phase  error  t  in  uj(z-t-e).  The  latter  arises 
when  the  sampling  signal  is  not  synchronized  with 
the  interferogram  to  produce  a  sample  at  exactly 
zero  path  difference.  The  effect  of  a  non-zero  phase 
function  is  to  produce  an  asymmetric  scanning  func¬ 
tion  that  not  only  distorts  the  observed  spectral  lines 
but  also  modifies  the  baseline  of  the  spectrum,  thus 
destroying  the  photometric  accuracy  of  the  measure¬ 
ments.  T(x)  represents  the  truncating  function  that 
terminates  the  interferogram  at  some  length,  L.  The 
simplest  truncating  function  is  rect  (x/L),  and  we  have 
already  seen  that  this  produces  a  scanning  function 
sine  (Lx).  This  may  be  modified  (but  not  eliminated) 
by  multiplying  the  interferogram  by  another  func¬ 
tion,  A(x),  called  an  npodizing  function,  its  will  be 
discussed  in  the  next  Section. 


&*Jr&&&ip*r)r*v*M**'*>'*~*  w»  i 
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The  phase  function,  on  the  other  hand,  may  be 
eliminated  in  a  broad  range  of  situations.  One 
possibility  of  course  is  to  take  the  interferogram  over 
positive  and  negative  values  of  path  difference, 
and  compute  both  sine  and  cosine  transforms.  The 
amplitude  of  the  spectrum  is  then  truly  free  of  phase 
distortions,  provided  the  range  of  the  original  phase 
errors  is  small  with  respect  to  the  total  length  of  the 
interferogram.  There  are  several  reasons  why  this  is 
not  a  desirable  procedure.  The  time  to  take  the 
interferogram,  the  total  path  difference  required  of 
the  interferometer,  and  the  total  memory  capacity 
required  of  the  computer  are  all  doubled.  The 
computer  time  required  for  the  fast  Fourier  transform 
is  increased  by  a  factor  of  a  little  more  than  2.  (If 
the  interferogram  has  N  points  between  zero  and  L, 
the  double-sided  transform  requires  a  time  2+2/log2Ar 
more  than  the  single-sided  one.)  Finally,  the  process 
of  squaring  to  calculate  the  amplitude  changes  the 
noise  from  a  function  randomly  fluctuating  about  zero 
to  one  that  fluctuates  about  a  positive  value,  thus 
raising  the  effective  noise  level  in  the  spectrum. 

We  therefore  turn  our  attention  to  methods  for 
determining  the  spectrum  from  a  cosine  Fourier 
transform  alone.  It  is  clear  that  if  we  had  knowledge 
of  we  could  correct  Eq.  (1-471  and  obtain  the 
spectrum 


« (B(<r)  *  l(«r)l  =  B'(a)  ■  «-•'*<•>  (1-48) 


or,  alternatively,  we  would  correct  the  interferogram 
of  Eq.  (1-46)  by  the  procedure 


/"(*)» /'(x)*F7V-*<*>  (1-49) 


and  the  FT  of  7"(x)  would  yield  B"(<r).  Either  one 
of  these  methods  works,  although  the  latter  is  in 
more  common  use.  The  phase  function  4>(<r)  is 
determined  from  the  sine  and  cosine  transforms  of 
a  short  section  of  interferogram  symmetric  about 
zero  path  difference.  If  the  phase  function  is  a  result 
of  a  failure  to  phase  the  sampling  function  properly, 
then  it  will  be  linear  in  wavenumber.  If  compensation 
error  or  aberrations  are  at  fault,  the  phase  function 
will  in  general  not  be  linear.  If  the  compensation 
error  is  very  bad,  then  it  may  be  difficult  to  produce  a 
proper  phase  correction,  because  it  will  be  difficult 
to  find  a  point  that  can  properly  be  labelled  zero  path 
difference. 


1-5.2  Noise 

There  are  four  principal  sources  of  noise  in  Fourier 
spectroscopy  (and  any  other  kind  as  well) : 

(1)  Source 

(2)  Detector 

(3)  Scintillation 

(4)  Digitization. 

Since  there  is  a  paper  in  this  series  by  Sakai  devoted 
to  noise,  we  will  limit  this  discussion  to  a  few  remarks 
about  each  kind  of  noise. 

The  multiplex  gain  of  Fourier  spectroscopy  was 
derived  in  Section  1-1  on  the  assumption  that  the 
detector  is  the  limiting  source  of  noise  for  the  system. 
If  this  is  not  so,  then  some  other  justification  must  be 
supplied  for  using  Fourier  spectroscopy  (such  as 
aperture  gain).  We  will  thus  give  no  further  attention 
to  the  first  two  noise  sources. 

Scintillation  noise  arises  in  the  medium  intervening 
between  source  and  detector,  and  is  most  commonly 
observed  when  a  long  path  through  a  gas  or  the 
atmosphere  is  involved,  such  as  in  astronomical  work. 
Scintillation  effects  can  be  overcome  to  some  extent 
by  adjusting  the  interferogram  frequency  range  to  lie 
outside  the  range  of  scintillation  frequencies,  which 
are  usually  limited  to  some  well  defined  band.  The 
effects  of  scintillation  noise  may  also  be  suppressed 
to  a  large  extent  by  a  scheme  known  as  internal 
modulation.  Instead  of  chopping  the  signal  with  a 
rotating  blade  or  some  similar  means,  chopping  is 
accomplished  by  oscillating  the  path  difference  by  an 
amount  equal  to  one-half  wavelength  of  the  central 
wavenumber  of  the  optical  band  reaching  the  detector. 
This  has  the  effect  of  chopping  the  cosine  dependent 
term  in  Eq.  (1-40)  without  modulating  the  constant 
term,  thus  eliminating  any  change  of  level  in  the 
interferogram.  It  has  been  used  with  great  success 
by  Connes. 1 

Digitisation  noise  arises  from  two  sources:  (1) 
unequal  path  difference  between  successive  samples, 
and  (2)  the  effect  of  the  minimum  detectable  incre¬ 
ment  (quantification)  of  the  digital  voltmeter.  The 
accuracy  of  the  interval  between  successive  readings 
is  exactly  as  important  as  the  accuracy  of  ruling  a 
diffraction  grating.  It  is  a  well-known  fact  that  a 
grating  with  random  errors  produces  fog  or  noise,  and 
one  with  periodic  errors  produces  ghosts;  so  it  is  in 
Fourier  spectroscopy.  For  the  far  infrared  it  may  be 
possible  to  rely  on  a  high  quality  micrometer  screw 
to  provide  the  position  readout  that  triggers  the  data 
acquisition  system,  but  for  any  other  region,  either  a 
good  moiri  system  or  an  auxiliary  measuring  inter¬ 
ferometer  is  indispensible. 

Tho  dynamic  range  of  the  interferogram  is  very 
large  when  a  broad  spectral  range  is  being  studied, 
i.e.,  the  peak  value  at  zero  path  difference  is  large 
compared  to  the  oscillations  in  the  remainder  of 
the  interferogram.  The  digitizing  system  must  have 
ndequate  dynamic  range  to  handle  both  the  central 
maximum  and  the  smaller  oscillations  without 
eriously  compromising  the  signal-to-noise  ratio.  As 


16 


a  rule  of  thumb  we  may  apply  the  criterion  that  the 
dynamic  range  of  the  digitizing  system  must  be  at 
least  equal  to  the  signal-to-noi.se  ratio  in  the  intcr- 
ferogra  at  zero  path  difference.4 

One  li.  point  on  the  subject  of  noise  merits 
mention  in  this  discussion,  and  tha*  is  with  regard  to 
the  sampling  t  heorein.  The  sampling  theorem  requires 
that  we  sample  twice  per  highest  frequency  present 
in  the  record,  regardless  of  whether  that  be  a  signal 
or  noise  frequency.  Since  a  low-pass  RC  filter  is 
used  in  many  recording  systems,  it  is  usually  true 
that  the  noise  bandwidth  is  greater  than  the  signal 
bandwidth.  The  filter  time  constant  is  generally 
chosen  long  enough  to  pass  the  highest  signal  fre¬ 
quency  without  appreciable  attenuation  or  phase 
shift.  The  slow  rolloff  of  an  !{(’  filter  jiermits  higher 
noise  frequencies  to  come  into  the  record  than  the 
signal  frequencies  present,  and  the  sampling  interval 
must  be  chosen  accordingly. 


1-6  SPECIAL  TECHNIQUES  OF  FOURIER 
SPECTROSCOPY 

There  are  three  special  aspects  of  Fourier  spec¬ 
troscopy  to  which  we  will  give  brief  separate  mention 
in  this  Section: 

1.  A|Kidization 

2.  Mathematical  filtering 

d.  Hefractometry 

The  lirst  two  are  computational  techniques,  while  the 
latter  is  essentially  an  experimental  modification  of 
the  conventional  s|iectroscopic  setup. 

Anodization1'  was  mentioned  earlier  in  the  dis¬ 
cussion  of  the  scanning  function.  If  the  sine  scanning 
function  is  not  to  our  liking  it  may  be  modified  by  the 
ex|H‘dient  of  multiplying  the  right  side  of  Kq.  (1-46) 
by  another  function  .l(.r).  The  usual  acidizing  func¬ 
tion.  .l(.r).  is  an  even  function  that  has  value  unity 
at  x  =  0  and  zero  at  A'  =  ±/..  The  new  scanning 
function  then  is  the  Fourier  transform  of  .l(x).  The 
original  truncating  function,  7'(x),  has  no  influence 
on  the  new  scanning  function,  since  it  does  not  alter 
the  frequency  content  of  .|(x)  in  any  way.  (See  the 
remarks  ulxnit  the  convolution  of  two  sine  functions 
in  Section  I  .1.4.)  The  copious  oscillations  of  the  sine 
function  are  a  consequence  of  tin1  square  corners  of 
the  truncating  function  (rect  tx)).  which  indicates 
that  to  reduce  these  oscillations  we  must  choose  for 
.l(.r)  a  function  that  varies  more  smoothly.  If  we 
choose  .l(x)*A(x).  the  smutting  function  becomes 
situ  *  (x)  (Figure  1-2).  which  has  considerably  smaller 
*id»’  lnhe«  than  sine  (x).  It  ha-,  however,  twice  the 
width  of  the  original  scanning  function  for  the  same 
total  iutcrfcntgmm  length.  The  i-iuc)*  function  is 
also  the  'lit  function  of  a  diffraction-limited  grating 
-|x"otroi..  >tcr.  and  may  have  some  advantages  for 
compart-  u  purpi'c-.  Whether  it  has  merits  in  and 
of  it  -elf  i-  a  matter  for  individual  worker-  to  determine 
in  their  own  -dilation-. 


A  number  of  other  apodizing  functions  have  been 
discussed  and  used  (see  Ref.  2),  but  there  is  room  for 
considerable  discussion  whether  any  apodization  is 
necessary  at  all — at  least  under  laboratory  conditions. 
Apodization  is  basically  a  trade-off  between  the  width 
of  the  scanning  function  (resolution)  and  its  smooth¬ 
ness.  The  smoothness  of  the  scanning  function  affects 
the  ability  to  detect  a  weak  line  close  to  a  strong  one, 
but  if  the  resolution  sacrificed  in  reducing  the  oscilla¬ 
tions  of  the  scanning  function  is  enough  to  blend  the 
lines  that  were  to  be  resolved,  then  nothing  has  been 
gained.  Perhaps  the  best  reason  for  applying  apo- 
dization  in  laboratory  situations  is  that  it  is  simpler 
than  exercising  any  other  control  over  line  widths 
(such  as  adjusting  gas  pressure).  Its  utility  in  other 
applications,  such  as  astronomical  Fourier  spec¬ 
troscopy,  is  more  clear  cut,  as  the  conditions  of 
excitation  are  not  at  the  experimenter’s  disposal. 

Mathematical  filtering7  is  a  technique  for  altering 
the  frequency  content  of  an  interferogram  prior  to 
performing  the  F'ourier  transform.  This  permits  a 
two-fold  saving:  a  reduction  in  the  number  of  samples 
required  (saving  on  computer  storage),  and  a  reduc¬ 
tion  in  computer  time  required  to  do  the  transforma¬ 
tion.  The  method  is  based  on  the  fact  that  reducing 
the  spectral  bandwidth  may  be  accomplished  by 
convolving  the  interferogram  with  a  sine  function, 
which  is  equivalent  to  multiplying  by  a  rect  function 
in  the  spectrum.  The  processes  in  the  x  and  a  domains 
are  illustrated  in  F'igure  1-8.  The  utility  of  the  pro- 
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Figure  I -ft  Mathematical  Filtering:  (a)  the  Original 
Spectrum  and  (h)  the  Original  Interfenjgrnm.  It  in  desired  «o 
limit  the  a|xs'tiiim  to  the  range  (*i.«<),  which  may  la*  ac¬ 
complished  by  multiplying  the  spectrum  hv  the  rrrt  function 
in  (r)  or  convolving  the  interferogram  with  (d),  the  FT  of  the 
reel  function.  The  TT  of  the  reel  function  is  a  cosine  “carrier" 
modulated  by  a  rim-  function  envelope.  The  nine  function  ia 
characteristic  of  the  width  of  the  reel  function  and  the 
"rarrier"  frequency  liejiemU  upon  the  distance  of  the  reel 
function  from  the  origin  (shift  theorem).  Hie  resulting  spec¬ 
trum  is  shown  in  (r),  ami  (he  sampled  interferogram  in  (f). 
The  aant|>ling  rate  in  the  interferogram  is  determined  by  the 
sine  function  frequency  and  not  the  “carrier"  frequency,  as  a 
result  of  the  Imml  limited  veraion  d  she  annulling  theorem 
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cedure  lies  in  the  fact  that  it  may  be  necessary  or 
desirable  to  record  an  interferogram  with  a  broader 
range  of  signal  frequencies  than  the  experimenter 
intends  ultimately  to  use.  This  could  arise  if  appro¬ 
priate  filters  were  not  available,  or,  in  the  case  of  a 
non-recurring  event,  when  the  best  spectral  region 
cannot  be  predicted. 

The  technique  of  refractometry8,9  is  derived  from 
the  familiar  refractometers  of  the  visible  region,  but 
with  a  difference.  The  sample  is  placed  in  one  arm 
of  the  interferometer  and  an  interferogram  is  taken, 
which  will  now  assuredly  be  asymmetric.  The  phase 
curve  contains  the  refractive  index  information  and 
the  absorption  coefficient  may  be  determined  from  the 
amplitude  spectrum.  The  precision  possible  in  this 
technique  is  a  significant  advance  over  other  available 
techniques  for  determining  far  infrared  optical 
properties.  (Chapter  5  by  Bell  is  devoted  to  this 
subject.) 

1-7  COMPUTATION  IN  FOURIER  SPECTROSCOPY 

The  overriding  factor  in  computation  for  Fourier 
spectroscopy  today  is  the  fast  Fourier  transform, 
or  Cooley-Tukey  algorithm,10  which  has  changed  the 
computational  problem  from  one  of  cost  to  one  of 
finding  a  computer  with  sufficiently  large  memory 
capacity  to  do  the  desired  transforms.  The  time 
required  for  the  FFT  is  proportional  to  N  log2  AT  com¬ 
pared  to  N2  for  the  conventional  method  ( N  =  number 
of  points  transformed).  An  actual  interferogram  of 
4096  points  can  be  transformed  in  14  sec  by  the  FFT, 
compared  to  2734  sec  (45  min)  by  orthodox  methods.4 
This  fact  has  also  served  to  make  irrelevant  any 
discussion  of  analog  computers,  which  have  been  sc 
laboriously  constructed  in  several  laboratories. 


Since  there  is  a  paper  by  J.  Connes  covering  the 
subject  of  computation  (Chapter  6),  there  is  no  need 
to  consider  it  in  depth  here.  It  might  be  well  to  close 
with  the  remark  that  the  speed  of  the  FFT  is  so  great 
•that  convolution  may  often  be  performed  faster  by 
transforming  into  the  other  domain,  multiplying,  and 
transforming  back,  using  the  convolution  theorem, 
than  by  direct  convolution.  The  time  required  for 
convolution  is  ,1/X.V,  the  product  of  the  number  of 
points  in  the  convolvants.  If  M  is  significantly  larger 
than  log2  .V,  then  the  direct  convolution  is  too  in¬ 
efficient.  For  example,  if  phase  correction  is  to  be 
performed  us  ig  Eq.  (1-49),  the  convolution  will  take 
considerably  more  time  than  the  Fourier  transform 
of  the  interferogram,  if  it  is  done  by  the  conventional 
method. 

1-8  CONCLUSION 

Fourier  spectroscopy  is  at  the  |Miint  where  it  is 
competitive  on  a  cost  basis  with  any  other  form  of 
spectroscopy  and  its  very  considerable  advantages 
have  been  proven  experimentally.  It  has  been  applied 
in  both  favorable  and  unfavorable  environments. 
The  inherent  simplicity  of  the  apparatus  should  be 
appealing  to  experimentalists,  and  the  delays  in¬ 
curred  in  computing  the  sj>ectra  can  be  made  neg¬ 
ligible.  The  published  theory  of  Fourier  spectroscopy 
is  adequate  to  cover  all  cases  except  the  most  radically 
uncompensated  interferometers. 

To  those  not  using  Fourier  spectroscopy  in  their 
work,  we  may  quote  from  the  Epistle  of  James, 
“But  be  ye  doers  of  the  word  and  not  hearers  only, 
deceiving  your  own  selves.  ” 
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Abstract 


Fourier  spectroscopy  is  considered  in  terms  of  the  signal-to-noisc  ratio  measured. 
Simple  mathematics  is  used  in  discussing  the  basic  advantages,  multiplex  gain, 
and  throughout  gain  of  the  technique.  Various  experimental  factors  that  affect 
applications  are  discussed,  together  with  a  general  expression  for  the  signal-to- 
noise  ratio. 
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2-1  INTRODUCTION 

Fourier  spectroscopy  provides  advantages  over  the 
traditional  technique  because  it  offers:  (1)  an  in¬ 
creased  energy-gathering  power  through  its  optical 
train,  and  (2)  an  improvement  in  the  signal-to-noi.se 
ratio  by  means  of  multiplexing.  The  advantage 
realisable  from  the  first  factor  is  theoretically  about 
100,  as  shown  in  comparisons  between  a  Michelson 
interferometer  and  a  conventional  slit  spectrometer. 
The  second  factor  provides  a  theoretical  gain  of  \  .V 
for  iV  spectral  element#  analysed.  This  gain,  com¬ 
monly  called  the  multiplex  advantage,  has  been 
experimentally  confirmed. 

This  paper  presents  a  general  discussion  of  the 
advantages  of  Fourier  spectroscopy.  Section  2-2  is  an 
elementary  explanation  of  the  basic  concept:  improve¬ 
ment  in  the  signal-to-noise  ratio  through  accumulation 
of  the  measured  values.  The  Fourier  transformation 
of  the  measured  intcrfcrogri.  n  is  analysed  as  a  process 
that  accumulates  the  spectra]  signal  and  the  noise  in 


time,  Section  2-.T  explains  the  multiplex  advantage  in 
Fourier  spectroscopy  from  this  point  of  view.  These 
two  sections  are  designed  to  furnish  an  elementary 
description  of  measurements  in  Fourier  spectroscopy. 
Sections  2-4  through  2-7  or  al  wjth  the  terhnieal  con¬ 
siderations  of  the  various  instrumentation  problems. 
The  arm  is  to  derive  a  reasonable  estimate  of  the 
signal-to-noise  ratio  fi  r  general  measurements  i**r- 
formed  in  the  laboratory  ami  in  the  field.  Some 
mathematical  expressions  are  given  without  their 
derivations;  more  detailed  explanat  ion  of  some  of 
these  derivations  are  given  in  the  appendixes. 

2-2  G648UL  CONSIDERATIONS 

In  Fourier  spectroscopy  the  ih-ired  function,  the 
spectrum,  is  obtained  by  applying  a  Fourier  trans¬ 
formation  to  the  measured  function,  the  interfero- 
gram.  The  prime  factor  that  determines  the  quality 
of  the  measurements  is  the  ratio  of  signal  to  noise  in 
.this  recovered  spectrum,  not  that  in  the  interfrrogram. 
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The  following  discussion  will  show  that  the  traas- 
formution  of  either  quantity,  the  signal  or  the  noise, 
is  equivalent  to  the  accumulation.  The  characteristics 
of  the  transformation  are  such  that  the  longer  the 
signal  and  noise  are  recorded  during  observation  of 
the  intonerogram,  the  more  the  measurement  im¬ 
proves.  Thus,  extending  the  interferogram  measure¬ 
ment  in  time  improves  the  signal-to-noise  ratio  of  the 
recovered  spectrum,  and  the  improvement  is  propor¬ 
tional  to  the  square  root  of  time. 

The  measured  value  includes  some  degree  of  fluc¬ 
tuation.  which  is  generally  accepted  as  the  noise;  and 
its  root  mean  square,  or  standard  deviation,  is  taken 
as  a  measure  of  the  noise.  For  this  quantity,  say  F, 
a  set  of  values  J F\,  F>,  F3, .  . .  ,  F\)  is  obtained  in  N 
measurements.  Figure  2-1  is  an  example  of  this  set. 


The  square  root  of  the  variance  gives  the  standard 
deviation 


(2-3) 


[In  this  paper,  u  denotes  the  standard  deviation;  the 
more  usual  symbol  <r  will  be  used  to  denote  the  optical 
frequency,  cm-'.]  Once  the  mean  Mr  and  the  standard 
deviation  u r  are  found,  the  true  value  of  F  very  likely 
lies  in  the  range  between  m y—wy  and  pf+m/p.  The 
signal-to-noise  ratio  S/N  in  this  case  is  defined  by 


S/N=nF/»P.  (2-4) 


Suppose  that  a  new  set  of  (N/m',  values  {(?), 
Gj, . .  ,  G.v/*i  is  formed  by  an  accumulation  of  the 
measured  values  F„.  Each  element  of  the  new  set  is 
constructed  by  summing  in  elements  of  the  old  set. 
Thus, 


s/n*  */* 


0,  -F.+fVf---  +Fm, 

G2  =*Fm+i+Fn+2+  •  •  ■  -i  F3m, 

C.v;,3  f.v-.+i  tF.v..«+3+  •  •  •  ~FF\.  (2-5) 


Figure  2-2  shows  the  new  construction,  formed  by 
summation  of  the  successive  elements 


Ki(sm-  1  Herald  of  \Iiu»utr,l  Valor*  ‘,1’,) 


C,-F,+Fj. 

G  t*F3+Fir 


Fn»m  this  «el  we  determine  th-  measured  value 


Mr  m  y  .'Ej-F/'j-f  -  +Fx) 


and  I  lie  variance 


<*■/ 


(2-1) 


J.  12-21 


The  sigtial-to-tuuse  ratio  has  improved  somewhat. 
Fhe  actual  improvement  c,  it  be  found  by  computing 
the  mean  nod  the  vnriane  The  calculation  for  the 
mean  shows 


l»c iJG 

,\  HI 


*  y  i  F,  -F/'j-F  •  •  •  +  Fn » +  (Fw  1 1  + 


+r,j+ 


-  -M  -  -  +F\) ] 
«  m  T'-F.  *  at  Mr. 


(2-fia.) 
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and  the  variance  is  given  by 

*>02=^L(Gn-M  c)2 

=%{(F.+F2+ ■  ■  ■  +Fm-mnr)2 

4-  •  •  •  4-(^v-i«+i 
4-  •  •  •  +F.\  — 

^  n  n  n' 

=  Z(^n  —  Mf)24-£.  (2-G/>) 

It  can  be  assumed  for  this  ease  that  the  second  term  <\> 
is  vanishingly  small  since  all  values  in  the  measure¬ 
ment  are  statistically  independent.  [This  assumption 
will  be  discussed  in  calculating  the  autocorrelation  of 
the  noise.)  Assuming  $  =  0,  we  can  write  ihe  variance 
as 


t''4Cuep  %1.  (on-jmrooo  at  \F,)  and  ;<7.J 


(2-S) 


The  signal-to-noise  ratio  of  this  new  set  i*  then  given 
by 


(»S\-,V)c«v  2(S  X)r, 


and  the  improvement  is  \  2. 

In  the  construction  of  the  new  set.  w  is  .tssumrd 
much  smaller  than  the  total  number  .V.  Otlicrw'W’. 
the  statistical  awragrs  taken  by  using  Kqn.  (2-.*)  and 
(2-tio)  are  meaningless.  m  gets  large,  it  n  av  no 
loom  '*<*  possible  to  i«rrionn  these  statistical  averages. 
Kven  i*>  Kijs.  (iMib).  ami  (2-s)  may  be  used  to 
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extrapolate  an  estimate  of  <hcse  parameters.  For  the 
case  of  m  =  A',  these  estimates  are  given  by 

M-AW,  (2-9) 

u2  =  XoF2,  (2-10) 

u~\Xc i)y.  (2-1 1) 

We  define  the  autocorrelation  as 

KF(m)  =  (FnFn+m)=±  ZFnFn  ym.  (2-12) 

n 


For  convenience  of  computation,  the  subscript  of  F  is 
assumed  cyclic,  that  is, 


Fx.,m  =  Fm. 


The  variance  or  in  F,q.  (2-10)  can  now  be  written  in  a 
simplified  form  by  using  the  autocorrelation: 


If  the  tioise  in  the  measured  values  is  statistically 
independent,  then  the  noise  set  {4*1 ,  Ui>  •  •  •  >  Ux)  does 
not  correlate  either  with  sets  fj/2,  Vz ,  ■  ■  ,  Us-.  1/1}  or 
{liz,  1/4.  •  •  •  ,  y.\,  2/1,  Vi)  or  with  any  set  other  than 
itself.  Hence, 


Ky(m)  ~ pr  'jLi!/»yn+m  ~ 0  (tfjj^O)  (2-16) 


if  the  (/.-  are  statistically  independent.  Figure  2-3 


c*2~N  ZKy(m),  (2-13) 

m—0 

where  the  new  variable 

yn  =  Fn-nF  (2-14) 

represents  the  noise  fluctuation.  The  derivation  of 
:<|.  (2-13)  can  be  seen  in  the  following  mathematical 
manipulation: 

w-=  {Fi+F2+  ■  •  •  +Fv-Wp,.}2 

=  {(F 1  —  ixf)  +  {F2— Mr’)+  '  •  •  +(F.v— Me)}2 

=  EZ  (Fn-nF)(Fn+m  -/**’) 

n  in 

~ ^  ,fl  Mf)) 

=  *v  XXv(w)*  (2-15) 


Fy(m)=  (/„/„+/») 


I  I  I 
m  -5  0  5 


Figure  2-3.  .Noise  Record  {;/„}  and  ItR  Autocorrelation 


illustrates  this  property  of  the  noise.  The  term  <f>  in 
Kq.  (2-06)  which  can  be  expressed  by 


<t>~N  £  Ku(m), 

m  =  1 
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obviously  vanishes  since  all  terms  in  the  summation 
are  zero.  Combining  this  with  the  autocorrelation  for 
m=  0  yields 


Ky(  0)=4£yn2  =  Wv2.  (2-17) 

It 


The  autocorrelation  can  be  written  in  a  general  form  as 


(2-18) 


where 


1,  form  =  0, 
0,  otherwise. 


Now  suppose  that  a  measurement  is  made  on  sta¬ 
tionary  radiation  incoming  to  a  detector.  The  output 
of  this  detector  is  integrated  for  1  sec  by  means  of  an 
electrical  filter,  and  then  it  is  recorded.  When  this 
process  is  repeated  N  times,  a  record  of  N  measured 
values  is  obtained  for  N  sec  (Figure  2-1).  From  these 
N  values  we  can  determine  the  statistical  parameters 
mean  mf,  variance  up2,  and  standard  deviation  up, 
and  estimate  the  AT  accumulations  by  applying 
Eqs.  (2-8),  (2-9),  and  (2-10)  to  them.  The  results: 

ti=Niip, 
u2-Nup2, 
u  =  \/Nup, 


I 


«} 


Figure  2-4.  Fourier  Transform  of  |F,} 


form  of  .  a  distinct  line  is  seen  at  zero  frequency, 
and  random  fluctuations  about  zero  mean  are  seen 
elsewhere.  The  line  at  zero  frequency  obviously  cor¬ 
responds  to  the  stationary  radiation  signal  incoming 
to  the  detector.  Its  height  is  given  by  S’hp,  and  the 
standard  deviation  of  the  random  fluctuation  is  seen 
to  be 


u~'  =  \Xup.  (2-19) 


are  interpreted  as  those  for  N  sec  of  integration.  In¬ 
cidentally,  the  standard  deviation  up  given  above  for 
1  sec  of  integration  is  called  the  noise  equivalent 
power  [NUP),  the  normalized  noise  figure. 

Note  in  this  example  that  the  signal,  being  sta¬ 
tionary  in  time,  consists  of  a  component  at  zero  fre¬ 
quency.  The  noise,  in  contrast  to  the  signal,  spreads 
its  content  over  a  wide  frequency  range.  An  applica¬ 
tion  of  the  Fourier  transformation  should  .  eparate  the 
signal  from  the  noise  content  at  frequencies  other  than 
zero  frequency.  In  Figure  2-4,  which  shows  the  trans- 


The  following  computations  show  that  the  statisti¬ 
cal  parameters  of  the  random  fluctuation  appearing 
in  the  transform  are  given  by 

Fi/  =  0 

cop  —  A 
us=\  A  up. 
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where  y  is  the  Fourier  transform  of  y,  and 


Dm  =  Y,yn  exp  ^i2x  •  (2-20) 


Here  the  arguments,  m  and  «,  vary  from  zero  to  A'—  I. 
In  the  frequency  domain.  m/.V  represents  values  from 
zero  to  1  Hz  in  increments  of  (1/  A')  Hz.  The  mean  of 
y  is  obviously  zero,  since 


(yn) exp  (»2t^-).  (2-21) 


The  variance  is  calculated  by 


=(r.  H'Jn'J*  (i2r  nyJ  exp  (~»2r  jfj) 

=  L  «p  ^2tt  ^)| 

=  Z  2X(*)  exp  (*2t  -J")  =  Z«v2  =iVo,/.  (2-22) 


which  is  equal  to  that  of  the  accumulated.  Thus,  the 
improvement  brought  through  the  transformation  is 
v'A,  because  Ar  values  measured  during  the  observa¬ 
tion  over  Ar  sec  in  time  are  accumulated  in  the  trans¬ 
form.  In  other  words,  the  improvement  is  achieved 
during  an  observation  of  N  sec  rather  than  of  only 
1  sec.  The  Fourier  transformation  accomplishes  this 
accumulation  automatically. 

2-3  MULTIPLEX  ADVANTAGE 

So  far  it  has  been  shown  that  the  improvement  in 
the  signal-to-noisc  ratio  is  \/N  if  thj  measurement 
time  is  extended  by  N.  Suppose  that  N  spectral  ele¬ 
ments  are  measured  by  two  different  methods,  one 
sequential  and  the  othe.  simultaneous.  Both  methods 
will  yield  the  same  value  if  they  take  an  equal  time  to 
measure  each  element.  If  we  compare  the  total  time 
elapsed  for  each  method,  we  find  that  the  sequential 
scheme  takes  N  times  longer  than  the  simultaneous 
scheme.  Supjiose  now  that  the  elapsed  times  are  made 
equal.  Under  this  condition,  the  observation  of  each 
element  will  take  N  times  longer  in  the  simultaneous 
scheme  than  in  the  sequential  scheme.  Thus,  as  has 
been  shown,  the  signal-to-noise  ratio  in  the  simultane¬ 
ous  measurement  is  \/N  times  higher  than  in  the 
sequential  measurement.  This  is  the  basis  of  the 
multiplex  advantage  that  can  be  realized  by  applying 
the  Fourier  spectroscopy  technique.  Examples  of 
these  two  methods  are  found  in  two  schemes  for 
spectral  measurements,  one  a  sequential  scheme  based 
on  the  classical  spectrometer  used  with  one  detector, 
and  the  other  a  multichannel  scheme  based  on  the 
spectrometer  used  with  N  detectors. 

Figure  2-5  illustrates  the  scheme  in  which  each  ele- 


Thc  standard  deviation  of  y  is  then  obviously  given  by 


«j=V.Yav  (2-23) 


Identical  results  are  now  found  for  both  standard 
deviations,  one  for  the  transformed  and  the  other  for 
the  accumulated.  That  the  agreement  is  not  acci¬ 
dental  can  be  seen  from  the  calculations  given  above. 
It  is  indicated  in  Eq.  (2-20),  which  defines  the  trans¬ 
formation  of  the  noise.  This  equation  can  be  inter¬ 
preted  as  an  accumulation  of  the  original  y„  multiplied 
by  the  exponential  weighting  factor  exp  (i'lmm/N). 
In  the  complex  domain,  these  weighting  factors  may 
have  a  different  phase  but  their  magnitude  never 
changes  from  unity. 

The  signal-to-noise  ratio  of  the  Fourier  transform 
is  given  by  the  signal  content  divided  by  the  standard 
deviation  of  the  transformed  noise.  Hence 


(N  X)f  =  y  'AW/W  =  \  A'(.S/A'),,  (2-24) 


SEQUENTIAL  n 

I  I - 1  O-l  u  • 


TIME  0  12  3  4  N  TIME  0  12  3  4  N 


Figure  2-5.  Sequential  Measurement  Scheme 


ment  is  sequentially  observed  for  one  unit  of  time.  An 
element  at  <x=<r„  is  observed  during  (»— 1  )<t<n, 
and  then  the  spectrometer  is  scanned  to  the  next 
position  <r=<rn+i.  The  spectrum  is  presented  in  the 
output  signal  as  a  function  of  time. 
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The  multichannel  scheme  illustrated  in  Figure  2-6 


MULTICHANNEL 


0  til 
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Figure  2-6.  Multichannel  Measurement  Scheme 
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Figure  2-7.  Fourier  Spectroscopy  Measurement  Scheme 


uses  N  detectors  having  identical  characteristics. 
Each  detector  observes  each  spectral  element  for  N 
units  of  time  during  0<t<N,  at  the  end  producing 
the  spectral  signal  for  the  element. 

If  the  power  incoming  to  the  detector  is  b(<r)  at  the 
spectral  element  <r,  the  signal  for  the  sequential 
scheme  is  given  by 


r  K<r)dt=b(a).  (2-25) 

Jn-l 


Each  spectral  element  is  coded  with  a  cosine  function 
cos  2 r}jL.  The  temporal  frequency  is  given  by 


f.=<rv 


where  v  is  the  drive  speed  of  the  interferometer  mirror. 
These  coded  signals  are  simultaneously  observed  for 
N  units  of  time  during  0<t<N.  Since  only  half  of 
the  incoming  energy  is  available  for  detection  with 
this  coding  because  the  other  half  must  go  back  to  the 
source,  the  signal  at  the  spectral  element  <r  is  given  by 


The  noise  is  characterized  by  w.  The  signal  for  the 
multichannel  scheme  is 


*6(<r)  dt=-~  fc(cr). 


(2-28) 


fN  b(a)  dt=Nb(<r), 
Jo 


and  the  noise  is  then  given  by  \/'Nu.  The  signal-to- 
noisc  ratios  are  therefore  6(<r)  /«  for  the  sequential, 
and  \/Nb{a)/o)  for  the  multichannel,  schemes.  The 
multichannel  measurement  thus  shows  an  improve¬ 
ment  of  \/N  over  the  sequential  measurement. 

The  multiplex  scheme  used  in  Fourier  spectroscopy 
is  illustrated  in  Figure  2-7.  A  single  detector  is  used. 


The  noise  is  y/Nu,  and  so  the  signal-to-noise  ratio  is 
given  by  \\/Nb(o)/w.  The  improvement  in  the  signal- 
to-noise  ratio  over  the  result  obtained  in  the 
sequential  scheme  is  \\/N.  In  most  treatments,  the 
factor  £  is  dropped  on  the  assumption  that  equal 
energy  is  available  for  detection.  Measurements  by 
the  Fourier  technique  show  the  multiplex  gain  of  \/N 
over  measurements  by  the  sequential  technique  only 
if  the  detectable  energy  is  equal.  A  comparison  of  the 
two  modes  in  the  Fourier  technique  shows  the  \'N 
improvement  in  results  obtained  with  the  aperiodic 
over  those  obtained  with  the  periodic.1 
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2-4  SIGNAL  DETECTION  BY  INTERFEROMETER 

It  has  been  found  that  the  multiplex  method  can 
improve  the  signal-to-noise  ratio  over  that  yielded  by 
the  sequential  method  by  the  square  root  of  the  num¬ 
ber  of  elements  in  the  spectrum.  This  multiplex  gain 
is  obtained  under  two  conditions:  (1)  that  both  systems 
take  the  same  total  observation  time;  (2)  that  both 
systems  observe  the  same  radiative  energy  in  a  unit 
time  for  each  element.  A  typical  sequential  technique 
uses  a  classical  slit  spectrometer  whereas  the  l'ourier 
technique  depends  mainly  on  a  MiclHson  interferom¬ 
eter.  A  comparison  of  these  two  instruments  reveals  a 
rather  large  difference  in  energy-gathering  efficiency. 2,3 

Figure  2-S  is  a  schematic  diagram  of  the  Michelson 


Figure  2-8.  Schematic  Diagram  of  Fourier  Spectro¬ 
scopy  Measurement  System  With  a  Michelson  Inter¬ 
ferometer 


width  of  the  radiation.  The  product  Aft,  called  the 
optical  throughput  or  the  itendue,  remains  invariant 
throughout  the  optical  system  and  hence  equal  t  that 
defined  by  the  image  on  plane  P. 

The  radiation  that  enters  the  interferometer  is 
divided  into  two  wavefronts  by  the  beam  splitter  and 
is  then  recombined  to  form  the  interferogram.  If  the 
area  of  the  detector  is  reasonably  small,  the  energy  E 
going  toward  the  detector  is  given  by 


f?  =  2r;6(ff)(5<r)[Aft]{l-f-cos  2irax)  /sec,  (2-29) 


where  y  is  the  efficiency  of  the  beam  splitter  (normal¬ 
ized  to  0.25  for  the  maximum  value)  and  x  is  the  path 
difference  between  the  two  interfering  beams  (see 
Appendix  2-A.l).  On  plane  P,  interference  forms  the 
system  of  Haidinger  fringes  shown  in  Figure  2-9.  As 


interferometer.  Radiation  energy  from  the  source  is 
collimated  and  fed  into  the  interferometer.  Except  on 
rare  occasion,  an  uncollimated  input  is  not  used  be¬ 
cause  this  would  lower  the  energy-gathering  efficiency.4 

The  output  from  the  interferometer  is  focused  on  a 
plane  P  to  form  the  Haidinger  fringes.  An  aperture 
stop  is  usually  placed  in  this  plane  and  the  radiation 
through  this  opening  reaches  the  detector.  The  aper¬ 
ture  stop  located  in  front  at  the  source  can  be  elimi¬ 
nated  from  consideration  since  it  is  the  image  of  the 
detector  aperture.  The  source  emits  radiation  through 
a  real  or  an  imaginary  opening.  If  a  unit  area  of  the 
source  emits  a  radiative  energy  b(a)  at  frequency  a 
over  a  unit  solid  angle  for  a  unit  time  and  unit  fre¬ 
quency  interval,  the  interferometer  receives  radiution 
energy  at  a  rate  of  h(cr)(&r)[.ll2]  sec,  where  A  is  the 
area  of  the  source  opening,  S2  is  the  solid  angle  sub¬ 
tended  by  the  entrance  aperture,  and  ia  is  the  sjtectral 


Figure  2-9.  Radius  a  of  Detector  Aperture 


the  interference  path  difference  x  increases,  these 
rings  expand  and  a  new  ring  keeps  appearing  at  the 
center.  Equation  (2-29)  describes  the  energy  men 
sured  at  the  center  of  the  ring  system.  From  the 
figure  it  immediately  becomes  evident  that  the  de¬ 
tector  aperture  cannot  be  expanded  too  much  beyond 
the  size  indicated  bv  the  dotted  circle.  Since  the  ring 
system  of  a  higher  frequency  gets  more  compact  than 
that  of  a  lower  one,  the  largest  permissible  detector 
aperture  is  determined  by  the  highest  frequency 
present  in  the  spectral  bandwith.  The  angular  radius 
of  the  aperture  is  given  by 


«  =  ;i/(2<rA')}*, 


(2-30) 


where  X  is  the  maximum  path  difference.  It  can  also 
be  expressed  very  simply  in  terms  of  the  maximum 
resolving  power  R  as 


«  =  {!/«}*.  (2-31) 


For  example,  to  obtain  a  resolving  power  of  10®,  the 
angular  diameter  2 a  of  the  detector  should  be  set  at 


2a  =  2(10"®)*  -  2  X  1(T3  »  7  min. 


The  solid  angle  corresponding  to  this  is  given  by 


ft  =  wa2.  (2-32) 


Thus,  the  optical  throughput  for  an  interferometer  is 
given  by 


ASl=*irA/R,  (2-33) 


whereas  for  a  slit  spectrometer  it  is  given  approxi¬ 
mately  by® 


AQ~{A/R)(l/f)>  (2-34) 


where  l  is  the  height  of  the  slit  and  /  is  the  focal  length 
of  the  telescope  lens  or  mirror.  Since  the  factor  (///) 
is  unlikely  to  exceed  1/30,  it  is  possible  to  make  the 
optical  throughput  of  an  interferometer  enormously 
larger  than  that  of  a  slit  spectrometer  of  comparable 
spectral  resolution. 

A  practical  beam  splitter  film  for  the  infrared  region 
is  a  dielectric  thin  film.  Its  actual  efficiency  cun  be 
predicted  with  reasonable  accuracy®'8  by  a  straight¬ 
forward  theoretical  calculation.9  Figure  2-10  shows 


Figure  2-10.  Efficiency  of  Beam  Splitter  Film 


an  efficiency  curve  for  a  typical  beam  splitter.  The 
normalized  frequency  <r0  used  in  its  frequency  scale  is 
given  by 


<r0  =  1/ (And  cos  $'),  (2-35) 


where  n  is  the  refractive  index  of  the  beam  splitter 
film,  d  is  the  thickness  of  the  film,  and  8'  is  the  refrac¬ 
tion  angle  inside  the  film.  In  practice,  an  efficiency 
close  to  the  maximum  value  0.2’>  is  obtainable  by 
using  a  dielectric  material  of  high  refractive  index.® 
This  accounts  for  the  wide  use  of  (le  (a  =  4.0)  and 
Si  (h  =  3.4),  whose  range  of  practical  frequencies  lies 
between  0.3<r(l  and  1 .7<r0. 
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With  nil  these  factors  considered,  tin;  energy  avail¬ 
able  for  spectral  recovery  is 


A'  =  if,'ir-lt(<r)  [ho]  T/R,  (2-3fi) 


where  7'  is  the  time  interval  available  for  measuring 
the  entire  interferogram.  The  efficiency  ij,'  is  that  of 
the  interferometer,  which  should  be  very  close  to  the 
efficiency  of  the  beam  splitter. 

2-5  TYPES  OF  NOISE 

Spectral  measurements  obtained  by  applying  tech- 
niquesof  Fourier  spectroscopy  may  include  fluctuations 
due  to  detector,  photon,  scintillation,  or  digitizing 
noise.  This  section  covers  the  individual  character¬ 
istics  of  these  four  types  of  noise  and  their  various 
effects  on  the  measurements. 

The  detector  noise  determines  the  accuracy  of  most 
measurement  practices,  and  the  photon  noise  from  the 
source  determines  the  ultimate  accuracy  of  the  mea¬ 
surements.  The  effects  of  scintillation  and  digitizing 
noise  must  be  suppressed  in  the  compensation  schemes. 

2-5.1  Detector  Noise 

The  mechanism  that  generates  noise  in  the  detector 
is  generally  insensitive  to  the  signal  level  of  the  radia¬ 
tion  incoming  to  the  detector,  and  consequently  the 
amount  of  noise  remains  unchanged  (Figure  2-11). 
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In  Fourier  spectroscopy,  the  radiation  incoming  to 
the  detector  has  a  wide  spectral  range  and  its  intensity 
level  may  be  very  high.  This  is  quite  contrary  to 
radiation  detection  conditions  in  the  case  of  classical 
spectroscopy.  The  detector  noise  remains  the  same  in 
both  cases  even  though  there  may  be  a  vast  difference 
in  the  intensity  levels.  The  multiplex  advantage  of 
Fourier  spectroscopy  over  the  classical  scheme  is 
realized  if  the  detector  noise  dominates  other  noise 
fluctuations. 

The  noise  figure  of  a  detector  is  usually  character¬ 
ized  in  terms  of  the  normalized  standard  deviation; 
it  is  determined  from  its  observed  noise  record  inte¬ 
grated  for  a  time  constant  of  1  sec.  Called  the  noise 
equivalent  power  ( NEP )  of  the  detector,  this  is  ex¬ 
pressed  in  units  (watts)  of  the  incoming  radiation. 
Another  noise  figure  is  defined  by 


D*  =  VA/(NEP),  (2-37) 


wiiere  A  is  the  sensitive  area  of  the  detector  element. 

2-5.2  Photon  Noise 

The  stream  of  photons  from  a  thermal  source  ex¬ 
hibits  an  inherent  fluctuation  proportional  to  the 
square  root  of  its  average  intensity.10  In  the  infrared 
region,  this  photon  noise  is  insignificant  if  the  spectral 
measurement  is  referred  to  the  source  (see  Appendix 
2-A.2)  but  creates  a  serious  problem  if  the  measure¬ 
ment  includes  the  background. 

In  Fourier  spectroscopy,  a  warm  interferometer 
may  emit  intense  thermal  background  radiation  to¬ 
ward  a  detector  that  operates  at  a  low  temperature. 
In  such  case  the  detector  observes  a  relatively  weak 
source  signal  and  a  strong  background  radiation 
(F’igure  2-12).  The  fluctuation  in  the  background  may 
become  dominant  in  the  measurement.  The  situation 
is  somewhat  parallel  to  the  conventional  case  where  a 
warm  s|>ectrometer  generates  the  thermal  background. 

In  either  case — Fourier  spectroscopy  or  the  con¬ 
ventional  scheme— the  signal  measurement  may  be 
affecti'd  by  the  intensity  fluctuation  in  the  back¬ 
ground,  not  by  the  detector  noise.  By  extending  the 
observation  of  the  signal  in  time  the  measurement  can 
bo  improved.  The  improvement  achieved  by  means 
of  the  Fourier  technique  is  greater  thuu  that  obtained 
by  the  conventional  method  because  the  observed 
signal  is  multiplexed.  If  the  level  of  the  background 
radiation  is  equal  in  both  cast's,  the  Fourier  spectros¬ 
copy  technique  can  be  expected  to  yield  an  improve¬ 
ment  of  \  .V  over  the  results  given  by  the  conventional 
met  Iasi. 

The  photon  noise  in  the  source  signal  may  become 
noticeable  in  the  spectral  region  of  higher  optical  fre¬ 
quency,  for  which  detectors  having  an  extremely  high 
sensitivity  are  available.  If  the  photon  noise  from  the 
source  itself  dominates  the  detector  noise,  the  multi¬ 
plex  advantage  is  not  realized. 
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Figure  2-12.  Background  Photon  Noise  From  a  Warm 
Interferometer 


2-5.3  Scintillation  Nob* 

Scintillation  noise  generally  refers  to  a  slow  drift 
in  the  level  of  intensity  observable  at  the  interferom¬ 
eter  input.  Its  magnitude  is  linearly  proportional  to 
signal  intensity.  The  fluctuation  may  cause  serious 
degradation  of  the  spectral  recovery. 1 1 3  The  several 
techniques  applied  to  minimise  the  effect  of  this 
fluctuation  include: 

o)  ratio-recording  lU13 

b)  rapid  scanning13 

c)  internal  modulation' 3,1 3 

</)  beam-switching 

The  first  three  schemes  are  applicable  to  astronomi¬ 
cal  observations  as  well  as  to  laboratory  measure- 
me.tts.  The  fourth,  discussed  in  Chapter  4  of  this 
collection  (Double-Beaming  in  Fourier  Spectroscopy, 
by  J.  Dowling),  applies  only  to  laboratory  mea¬ 
surements.  Schemes  b  and  r  are  described  in  Sec¬ 
tion  2-6,  where  various  experimental  arrangements 
are  discussed. 

The  scheme  of  ratio-recording  shown  in  Figure  2-13 


uses  an  additional  detector  for  nr  oitoring  the  input 
intensity  level.  The  interferogram  signal  is  then 
normalized  by  this  monitored  intensity. 

2-5.4  Digitizing  Noiw 

In  practice,  a  digital  computer  is  used  to  jicrform  a 
numerical  Fourier  transformation  on  a  recorded  in¬ 
terferogram,  which  !n  this  ease  consists  of  a  set  of 
numbers  obtained  from  the  raw  signal  as  an  output 
voltage  of  the  detector  amplifier.  Various  tyfics  of 
analog- to-digitnl  (A-D)  converters  are  used  for  this 
purpose.  Some  are  very  sophisticat'd  electronic 
instruments.  Others  may  consist  of  a  primitive  device 
in  which  a  human  operator  reads  an  intrrferogrnm 
trace  recorded  on  chart  pa|>er  ami  converts  it  into  a 
set  of  numbers.  1  Regardless  of  the  method,  a  small  but 
finite  range  of  a  conversion  aperture  A  exists.  The 
output  from  the  A-D  converter  corresfxinds  to  any 
value  of  th**  detector  output  in  the  range  F„db JA; 
and  the  error  Ukes  any  value  between  dfcjA.  If 
values  of  this  error  are  displayed  along  the  path 
difference  x.  the  result  is  a  random  function  of  x 
(Figure  2-14)  called  the  digitizing  noise.  Its  standard 
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deviation  is  given  by 


Figure  2-11.  Digitizing  Noise 


This  transforms  into  a  random  fluctuation  in 
the  spectral  domain  as  described  in  Section  2-1. 

Serious  difficulty  may  be  encountered  in  the  mea¬ 
surement  when  the  digitizing  noise  exceeds  the  de¬ 
tector  noise.  A  practical  solution  to  this  problem  is 
to  vary  the  gain  of  the  detector  amplifier  so  that  the 
detector  noise  dominates  the  digitizing  noise  over 
most  of  the  recorded  interferogram.  It  is  generally 
safe  to  assume  that  modulation  in  the  interferogram 
decreases  once  the  path  difference  exceeds  a  certain 
value.  In  a  limited  range  around  zero  path  difference, 
the  interferogram  measurement  is  made  with  the  gain 
in  the  detector  amplifier  reduced  to  accommodate  the 
increased  modulation  and  high  level  of  digitizing 
error.  Outside  this  range,  where  a  reduced  modulation 
can  bo  anticipated,  the  amplifier  gain  is  increased  to 
let  the  detect  'r  noise  exceed  the  digitizing  noise.  In 
computing  the  Fourier  transformation,  the  values 
tha'  are  recon  led  with  different  gains  are  normalized 
according  to  tiie  gain  setting  that  is  used.  For  most  of 
the  measurement  the  interferogram  contains  detector 
noise  that  exceeds  the  digitizing  noise. 

With  more  sophisticated  electronics,  the  dynamic 
range  of  the  A-j)  conversion  can  be  automatically 
changed  according  to  the  level  of  the  detector  output 
(automntir  ranging).  The  error  generated  in  this 
ease  is  similar  to  the  round-off  error  in  float iug-|>oint 
arilhmelir.  Several  workers  have  attempted  to  ana¬ 
lyze  this  error. 1 1 

2-6  EFFECT  OF  ERRORS  IN  SAMPLING  INTERVALS 

The  interferogram  i-  a  function  of  the  path  differ- 
enee  r.  The  function  coii'Fts  of  a  finite  number  of 
discrete  value-  sampled  at  eqiiispaced  distances  on 
the  path-difference  scale  The  path  difference  is 
increased  l>\  a  given  distance  as  the  recording  of  the 
interferogram  proceeds  from  the  nth  to  the  [n  +  Hth 


sample.  The  intervals  between  successive  sampling 
positions  are  selected  to  suit  the  tolerance  required  by 
the  experiment.  Excessively  large  errors  in  the 
sampling  intervals  will  create  unwanted  effects  in  the 
recovered  spectrum,  degradation  of  the  spectral  reso¬ 
lution,  and  additional  noise  fluctuation.  Similar 
effects  occur  in  conventional  spectroscopy  when 
grating-ruling  errors  are  present,  although  not  as  pro¬ 
nounced  as  those  occurring  in  Fourier  spectroscopy.16 

Sinusoidal  ruling  errors  on  a  diffraction  grating 
produce  the  well-known  phenomenon  of  the  Rowland 
ghost.  In  Fourier  spectroscopy,  sinusoidal  errors  in 
the  sampling  intervals  produce  the  same  effect.  A 
monochromatic  interferogram  sampled  with  the  si¬ 
nusoidal  errors  yields,  through  cosine  transformation, 
a  line  and  two  satellites.  The  height  of  these  satellites 
is  given  by 


0  -itoo,  (2-3S) 


where  £  is  normalized  with  respect  to  the  height  of  the 
center  line,  0  is  the  amplitude  of  the  sinusoidal  sam¬ 
pling  errors,  and  <r0  is  the  frequency  of  the  original 
monochromatic  line.  The  satellites  are  located  at 
(Torts?  where  1/s?  is  the  periodicity  of  the  errors.  (See 
Appendix  2-A.3  for  the  derivatr  n  of  these  results.) 

In  most  interferogram  measurements,  the  errors  in 
the  sampling  intervals  are  best  represented  by  a 
random  function  rnther  than  a  sinusoidal  function. 
Then  the  recovered  spectrum  may  contain  more 
satellites,  each  pair  of  which  corresponds  to  sinusoidal 
errors  having  a  particular  periodicity.  The  amplitude 
of  the  sinusoids  is  obviously  a  random  function  given 
by  the  Fourier  transform  of  the  sampling  errors. 
Based  on  Kq.  (2-N),  the  standard  deviation  of  the 
transform  6  is  calculated  as 


ut  =**  \'Ru„  (2-39) 


where  R  is  the  number  of  the  interferogram  samples 
and  w ,  is  the  standard  deviation  of  the  sampling 
errors.  The  term  H  is  in  most  cases  equal  to  the  re¬ 
solving  |K»wer.  Once  the  standard  deviation  of  the 
sinusoidal  amplitude  d  is  known,  the  standard  devia¬ 
tion  of  the  height  of  those  satellites  that  obviously 
have  the  apfiearance  of  random  noise  eati  be  cal¬ 
culated  from  Kq.  (2-3N)  as 


<*>i"  l(dJ>! * ■  Jw jCu\'R. 


(2-40) 
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It  is  now  seen  that  the  random  errors  in  the  sam¬ 
pling  intervals  generate  many  satellites  that  have  the 
appearance  of  random  noise.  This  effect  can  be  con¬ 
sidered  as  a  degradation  of  the  spectral  resolution 
and/or  the  addition  of  random  noise.  The  calculation 
of  a  tolerance  for  the  sampling  errors  w*  can  be  made 
by  setting  an  upper  bound  on  «*.  (See  Appendix 
2-A.4  for  the  mathematical  expression  of  the  toler¬ 
ance.)  In  Figure  2-15,  tolerances  ux  are  shown  for 
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Figure  2-15.  To'eranoc  for  Sampling  Krror,  «ia-0.01 
(see  Section  2-6  and  Appendix  2-A.4) 


given  values  of  the  resolution  ia.  The  permissible 
upper  bound  of  the  additional  noise  is  assumed  to 
be  0.01  in  these  curves. 


2-7  EXPERIMENTAL  TECHNIQUES 

Various  factors  that  affect  the  signal-to-ncise  ratio 
have  been  treated  in  Sections  2  5  and  2  0.  The  re¬ 
sults  obtained  will  now  be  applied  in  the  analysis  of 
some  exp  rimental  schemes.  In  a  broad  sense,  these 
schemes  fall  into  two  groups  according  to  their  char¬ 
acteristic  manner  of  driving  the  interferometer  mirror : 
(I)  the  continuous-drive  method  and  (2)  th»  _  »ml- 
integrate  methoii.  Figure  2-10  illustrate,  their  pat- 
tenis.  The  discussion  deals  with:  (!)  efficiency  of  use 
of  the  observation  time,  (2)  compensation  for  scintil¬ 
lation  noise,  (3)  sampling  error. 


CONTINUOUS-DRIVE  METHOD 


STEP-AND-INTEGRATE  METHOD 


Figure  2-16.  Temporal  Variation  of  Path  Difference  z  in 
Continuous-Drive  Method  and  in  Step-and-lntegrate  Method 


2-7.1  Continuous-  Dd ve  Method 

For  the  continuous-drive  method  to  Ik*  success¬ 
ful, 17,18  the  interferometer  mirror  must  be  smoothly 
driven  at  a  uniform  speed  (Figure  2-lt>).  The  simplest 
experimental  scheme  is  illustrated  in  Figure  2-17.  A 
linear  change  of  the  path  difference  with  time  is  pre¬ 
sumed,  and  the  interfcruprnm  is  sampled  at  equal 
time  intervals.  The  positions  of  the  samplings  are 
equispneed  on  the  patn  difference  scale  since  the  drive 
speed  is  uniform.  Considering  the  mechanical  toler¬ 
ance  of  available  drive  systems,  the  scheme  is  suitable 
for  work  requiring  relatively  low  resolution  (.V «  100) 
in  the  far  infrared  region. 

An  electrical  filter  circuit  is  normally  attached  to 
the  detccior  amplifier  to  effect  tenqioml  intergration 
of  the  interferogram  signal  bid  ween  samplings.  Ut  Iter- 
wise.  the  time  intervals  between  the  samplings  would 
be  lost  from  the  observation.  The  tiller,  having  a  time 
constant  r.  yields  the  value  of  the  int  rferngrant  signal 
integrated  over  r  al  every  sampling  position.  With  .V 
interferogram  samplings,  it  produce*  s|s«rtral  *igttal 
ohservat  ions  over  tin-  lime  .Vt.  the  total  lime  being  7". 
The  observation  efficiency  <i  i«  then  given  by 
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Figure  2-17.  C'ontinuou*  Drive  Method  Without  Fringe- 
Monitoring  Device 


or  it  can  bo  expressed  by 


f-r.m  (2-42) 


positioning  accuracy  of  the  interferogram  sampling. 
Monochromatic  radiation  from  a  He-Ne  cw  laser  pro¬ 
duces  the  interference  fringes  for  monitoring  the  path 
difference  x.  Here,  too,  an  electrical  filter  improves 
the  observation  efficiency.  If  the  mean  time  interval 
between  successive  sampling  positions  is  At,  the  obser¬ 
vation  efficiency  is  again  given  by  Eq.  2-42. 

A  difficulty  arises  if  the  drive  speed  of  the  inter¬ 
ferometer  mirt  .a'  fluctuates.  Figure  2-19  illustrates  the 


Figure  2-19.  Sampling  Errors  Caused  by  Mirror  Speed 
Fluctuation 


using  tl»o  time  interval  At  between  successive  sam¬ 
plings  A  sim  ile  H* 1  circui*  can  be  used  as  the  electri¬ 
cal  filter  1  ‘  Caution  must  be  exercised  in  selecting  the 
time  constant  r  wit  St  respect  to  the  sampling  interval 
At.  This  paint  is  discussed  in  Appendix  2  A1. 

The  scheme  illustrated  in  Figure  2- IS  improves  the 


problem:  the  effective  sampling  posdions  s'  do  not 
coincide  with  the  positions  r  of  the  laser  command, 
unless  the  filter  time  constant  r  is  an  infinitesimal 
value.  The  midpoint  between  the  beginning  and  end 
of  the  fdter  integration  is  the  effective  sampling  posi¬ 
tion  t‘.  The  distance  between  these  two  positions  is 
therefore  given  by 


e  {  JWN* 
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x'-r-|re.  (2-43) 


When  the  speed  varies  by  Ar  from  if  o  -an  speed  r, 
the  error  introduced  in  the  sampling  positku,  is 
given  by 
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The  undesirable  effect  discussed  in  Section  2-6 
appears  in  the  spectrum  if  the  sampling  error  ex¬ 
pressed  in  Eq.  (2-44)  exceeds  the  tolerance.  Eor  a 
given  value  of  Av,  the  filter  time  constant  r  must  be 
reduced  in  order  to  suppress  the  error  to  a  figure 
within  1  he  tolerance  In  turn,  the  measurement 
shows  a  decreased  observation  efficiency  ij.  Table  2-1 


Table  2-1.  Observation  Efficiency  of  Continuous-Drive 
Method 


Speed  Fluctuation  Av/v-0.10 

Additional  Fluctuation  «« = 0.01 

Sampling  Distance  X = 0.6328  X  10~4  cm 

Frequency 

Resolution 

Efficiency 

( <r  cm-1) 

(or  cm-1) 

W 

1000 

1.0 

0.40 

1000 

0.1 

0.15 

5000 

10.0 

0.15 

5000 

1.0 

0.05 

5000 

0.1 

0.02 

10000 

10.0 

O.Oo 

10000 

1.0 

0.02 

lists  the  values  of  >t  acceptable  for  a  speed  fluctuation 
Ar/i'“0.10  and  for  Uf  -0.01.  The  optimum  efficiency 
available  for  a  given  speed  fluctuation  Av/v  is  cal¬ 
culated  as 


^0.16  v 
^  R  An 


(2-45) 


(See  Appendix  2-A.6  for  the  derivation  o|  Eq.  (2-45).) 

It  is  evident  from  Eq.  (2-45)  and  i  able  2-1  that  a 
■  tmghtforward  application  this  scheme  to  high- 
resolution  work  produce*  a  rather  poor  observation 
efficiency;  the  signal-to-noise  ratio  in  the  recovered 
spectrum  may  not  approach  the  theoretical  value  of 
the  multiplex  advantage.  (Several  attempts  have 
been  made  to  overcome  this  problem.  For  an  example, 
see  Sakai  and  Murphy.1  a>  Even  so.  a  large  energy- 
gathering  power  is  avnilab'e  through  the  interfero¬ 
metric  technique.  It  uses  a  relatively  simple  drive 
mechanism  that  can  deliver  j  fast  mirror  speed,  an 
essential  feature  for  rapid  scanning. u  Since  the 
scintillation  frequency  ranges  below  1  f|*.  the  in¬ 
tensity  remains  unchanged  in  a  timr  period  that  i* 
much  sliorter  than  l  see.  The  rapid  scanning  scheme 
records  an  entire  interferogram  rigna.  within  this 
period.  Continuous  repetition  of  this  recording 
process  eventually  build*  up  the  observation  necessary 
for  the  desired ^ucasurement . 


2-7.2  Step-ond -Integrate  Method 

In  the  step-rind-integrate  method,  the  interferom¬ 
eter  is  driven  in  a  staircase  pattern,  as  shown  in 
Figure  2-16.  The  interferogram  signal  is  produced  by 
integrating  the  detector  output  signal  during  the  time 
interval  that  the  mirror  is  held  stationary.  The  time 
period  during  which  the  mirror  is  stepped  from  one 
sampling  position  to  the  next  is  lost  time  that  does  not 
contribute  to  the  observation;  keeping  the-  neriods 
short  by  comparison  with  the  integration  periods 
yields  a  high  observation  efficiency.  The  gain  in 
sign:  l-to-noise  ratio  obtained  is  close  to  the  theoretical 
value  of  the  multiplex  gain.1119  A  simple  scheme  for 
this  method  depends  on  a  drive  mechanism  consisting 
of  a  machine  screw  and  a  stepping  motor  to  move  the 
mirror  to  the  sampling  positions.19  Its  success  is 
determined  by  the  accuracy  of  these  components  since 
they  relate  to  the  sampling  error  tolerance.  It  has 
been  shown  that  the  system  is  satisfactory  for  far- 
infrared  work. 

In  the  system  shown  in  Figure  2-20,  an  improved 
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Figure  2-20.  Strp-and-Intrgrate  MrtW 


pout  inning  accuracy  for  the  sampling  is  provided  by  a 
.tervumeehanisni  control  system  that  incorporates  the 
monochromatic  interference  fringe  signal  Radiation 
from  a  lle-Ne  cw  la*cr  is  again  commonly  used  to 
produce  the  fringes.  ('*»nne*  e?  alU',i  I0  have  u*ed 
thi*  mean*  of  obtaining  sjwetral  measurement*  of 
extremely  high  rc*olutinu  for  laboratory  work  ».«  well 
a*  for  astronomical  observation*. 

Since  the  drive  mechani*m  of  tlii*  scheme  can 
operate  only  at  a  moderate  *|><-<-<l.  the  method  cannot 
accommodate  the  rapid-scanning  scheme.  Scintilla- 
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t ion  noise  is  compensated  for  by  using  either  the 
ratio-recording1 1,20  or  the  internal-modulation 12,13 
schemes.  When  the  intensity  drift  is  due  to  atmo¬ 
spheric  scintillation,  the  signal  intensity  observed  by 
the  monitor  may  not  ,  orrelate  with  that  in  the  inter- 
ferogram,  as  in  the  situation  illustrated  in  Figure  2-21. 


Figure  2-22.  Internal-Modulation  Feheme 


and  its  Fourier  transformation  by 


MONITORED 

INTENSITY 


t 


J  {F(x+A)-F(x-A)}e~2ir'x  ax 

=  2i(sin2ir<rA)B(a).  (2-47) 


INTERFEROGRAM 


The  spectrum  is  recovered  as  a  product  of  a  sine  func¬ 
tion  and  the  original  spectrum  B(a).  The  practical 
maximum  for  the  separation  A  is  then  given  by 


A  =  l/(2(r,,),  (2-4S) 


* 


Figure  2-21.  Example  Showing  Correlation  Between  In¬ 
tensity-Monitoring  Signal  and  Interferogram  Signal 


The  ratio-recording  scheme  fails  to  work  under  such  a 
condition.  The  internal-modulation  scheme  uses  the 
reference  intensity  internally  generated.  The  reference 
signal  is  provided  by  the  interferogram  signal  of  an¬ 
other  path  difference.  In  practice  the  measurement  is 
made  at  two  sampling  positions  separated  by  ±A  (see 
f  igure  2-22).  Reference  is  accomplished  by  rapidly 
subtracting  on  •  signal  from  another.  The  signal  thus 
obtained  is  given  by 


(2-40) 


where  O’,,  is  the  highest  frequency  in  the  bandwidth. 
Now  we  can  sec  the  elimination  of  the  baseline  modu¬ 
lation.  This  indicates  that  the  recovered  spectrum  at 
zero  frequency  is  zero.  The  atmospheric  scintillation 
is  compensated  for  by  suppressing  the  signal  content 
in  the  frequency  region  below  about  1  Hz,  the  highest 
scintillation  frequency. 

2-8  SUMMARY  1 

Spectral  measurements  obtained  by  applying  tech¬ 
niques  of  Fourier  spectroscopy  may  include  fluctua¬ 
tions  caused  by  four  types  of  noise:  detector, 
background  photon,  scintillation,  and  digitizing.  The 
effect  of  the  first  two  can  be  reduced  by  an  extension 
of  the  observation  time.  If  these  two  are  dominant, 
the  signal-to-noise  ratio  is  given  by  S/Nx  \/T/ (NKP) 
— where,  \'  T  is  the  incoming  energy  to  the  detector 
per  soednd — and  a  full  realization  of  the  multiplex 
gain  is  possible. 


F’(x)  =  Fu  FA)-/’(.r-A), 


The  effect  of  scintillation  noise  must  be  reduced  by 
means  of  some  compensation  scheme. 

The  digitizing  tioise  must  be  reduced  to  the  level  01 
the  detector  noise  by  adjusting  the  dynamic  range 
during  the  interferogram  measurement. 

The  rate  of  energy  incoming  to  the  detector  through 
a  given  interferometer  is  given  by 


R  =  mjb(a)  5a  A /It. 


The  sampling  error  must  be  less  than  the  tolerance 
established  (See  Section  2-0). 

The  observation  efficiency  tj2  for  the  continuous 
drive  method  is  directly  affected  by  fluctuations  in  the 
mirror  drive  speed. 
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The  signal-to-noise  ratio  .S'  .V  can  be  formulated  by 


S  X  =  \  \b(a)  5<T7rij|.l  h\  {SEP). 


where  the  parameters  are  as  follows: 
ij-2  observation  efficiency 

T  total  time  for  the  interferogram  measurement 
between  the  zero  path  difference  and  the  maxi¬ 
mum  path  difference 
1(a)  radiative  energy  at  a 
5a  resolution 

tji  efficiency  of  the  beam  splitter 
.1  area  of  the  interferometer  mirror 
It  resolving  jK»wer 

SEP  noise  equivalent  power  of  the  detector 
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Appendix  2-A.l 


Suppose  that  the  radiation  field  incoming  to  the 
interferometer  has  an  amplitude  U.  All  symbols  are 
referred  to  those  shown  in  Figure  2-A1.  The  field 


M, 


Figure  2-A1 


going  toward  mirror  M j  has  an  amplitude  of  rV, 
where  r  is  the  amplitude  reflection  coefficient  of  the 
beam  splitter.  The  field  going  toward  .l/2  is  given  by 
tU,  where  t  is  the  amplitude  transmission  coefficient. 
The  combined  field  is  then  given  by 


F  =  fri7(c~,2r"1-j-c~,2,"J). 

The  terms  inside  the  parentheses  are  the  phase  factors, 
the  first  for  beam  .1/  (  and  the  second  for  beam  M  >. 


The  intensity  is  given  by  the  product  of  F  and  its 
complex  conjugate  F*: 

FF* -2rr*lt*UU* {1+cos  2a-«r(xi-J2)}- 

The  intensity  coefficients  of  the  reflection  R  and  the 
transmission  T  are  given  by 

R-rr *; 

T  =  tt*  =  (l-R). 

The  efficiency  is  obviously  given  by 

,= rr*(t*  =  R  T  -(1  -R)R, 

and  its  maximum  value  of  0.2o  is  found  at  /?  =  0.50. 
Since  the  intensity  of  the  incoming  field  is 

UU*  =  b(<j)  SaAA, 

the  fringe  intensity  FF*  is  given  by 

FF*  =  2*)6(<r)  dff.tfi  [1+cos  27T(T.r] , 

where  x  is  the  path  difference: 

x  =  .r(  —  ,r2. 
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Appendix  2-A.2 


The  photon  energy  of  the  infrared  radiation  at 
oOOO  cm-1  is  given  by 


}iv  =  heo  =  10  12crgorl0  19joule. 


The  fluctuation  in  the  photon  arrival  to  the  de¬ 
tector  becomes  larger  than  the  detector  noise  of 
\’EP  =  10-1:,ir  sec-'1,  if  the  number  of  arriving  pho¬ 
tons  exceeds  10' 2  sec.  This  figure  is  obtained  in  the 
following  two  steps  of  the  calculation.  First,  the 
critical  fluctuation  \  \ln-)  is  calculated  from 


\  (Sn  s')  =  SEP  hv  = 10~'  */10“ 1 0  =  10fi. 


Then,  the  photon  intensity  exhibiting  this  fluctuation 
is  determined  from 


The  signal-to-noise  ratio  for  this  measurement, 


<S/.V =m/v(Ah2)  =  10°  per  sec*, 


is  unrealistically  high  for  practical  measurements. 
For  this  high  a  figure,  there  seems  to  be  no  way  to 
determine  the  accuracy  of  the  intensity  measurement. 
If  the  signal-to-noise  ratio  is  lowered  to  the  practical 
accuracy  of  the  measurement  (~104)  by  reducing  the 
observation  time,  the  entire  interferogram  must  be 
measured  during  about  lO-4  sec  in  time.  This  mea¬ 
surement  seems  impossible  at  present  since  the  fringe 
frequency  exceeds  the  cutoff  of  detectors  now 
available. 


n  = 


[\  <-hi2)}  2  =  ( 10°) 2  =  IQ1 


Appendix  2-A.3 


For  the  sinusoidal  sampling  errors  ^.r,  assume  The  monochromatic  interferogram  F(x')  sampled 

with  these  errors  is  given  b\ 


A.r  =  .r'-x  =  9  sin  '2irv-.r. 


Here  ,r  represents  tin*  true  position  and  x'  the  actual 
sampling  po-ition.  Obviously, 


/  --x  +  9  sin  2nvr. 


F(x')  =  B  cos  27r<r0j' 

=  B  cos  2Tr(<J{)x+(Tt\9  sin  2fly.r), 
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which  can  be  expanded  to  and  ali  other  terms  of  higher  order  are  at  least  one 

order  of  magnitude  smaller  than  the  second  term 
Ji(<r0d).  Hence, 

F{x')  =  B{J0(<7q6)  cos  2tt<jqx 


+/i(cro0)[cos  2ir(ff0— <p)x+cos  2tt(<t0+<p)x] 


F(x')~B{ cos  27T0o-r+!<7„0[cos  27r(tT„  —  ^)x 


+cos27r(<r0+v')-r]}, 


If  the  argument  a0d  in  these  Bessel  functions  is  much 
smaller  than  1,  the  Bessel  functions  can  be  expressed 

by  showing  that  the  Fourier  transform  of  F(x')  consists 

of  a  central  peak  having  a  height  B  and  two  satellites 
of  iB<r0G  located  at  <r0±^. 

J  0(^08)  =  l, 


J\{<TqQ)^  \(Tod] 


Appendix  2-A.4 


The  resolving  power  is  given  by 


R=a0/to. 


Setting  the  upper  bound  of  to#  to  be  0.01,  we  write  the 
corresponding  sampling  error  to*,  the  tolerance,  by 


Thus,  Eq.  (2-40)  of  Section  2-6  can  be  rewritten  as 


cox=0.04(5a)^(r0  *  =  0.04/<r()/?i 


o)0  =  \o)x<ro(ao/to)* 


=  \<xx(T^{&a)~^. 


Appendix  2-A.5 


The  RC  circuit  shown  in  Figure  2-A2  has  a  filter  characteristic  given  by 


R 

-AAAr- 


ZZ  C 


v»tO=;-r-'/r#, 

To 


where  r0  is  the  time  constant  of  the  filter,  given  by 


r0  =  1  /( RC)  -  f"  c~"7°dL 


Figure  2-A2 


0 


This  equation  indicates  that  the  time  constant  repre¬ 
sents  the  duration  of  effective  integration.  The  trails- 
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ft*r  function  ?(/)  in  the  frequency  domain,  calculated  Values  of  the  gain  and  phase  for  typical  values  of  the 
from  v“(0»  frequency  are  listed  in  Table  2-A5.1. 


?(/)  =  j _j(t)ei2wft  dt 

=  --  /  ,-,lT»ei2  T,tdt 

t  o  /_» 

l_ _ l  _ =  l  I _ l _ ___ 

_ T0  l'2w/— (l/7-o)  To  (47T2/-+ (l/r0)2 

^eitan-1(2»/r0> 


Table  2-A5.1  Typical  Values  of  Gain  and  Phase 


frequency 

(/) 

gain 

(?/) 

phase 

«(/) 

(radian) 

(degree) 

0 

1.000 

0.0 

0.0 

1/2  TTTo 

0.707 

0.25rr 

45.0 

1/7TT0 

0.446 

0.36tt 

64.5 

1/to 

0.158 

0.45?r 

81.0 

With  the  transfer  function  expressed  as 


?(/)  =  l?(/)|e 


It  is  immediately  apparent  that  owing  to  the  phase  a, 
this  filter  introduces  a  rather  large  asymmetry  in  the 
interferogram. 

If  the  highest  spectral  frequency  is  aM  in  the  signal 
bandwidth,  the  corresponding  fringe  frequency  is 
given  by 


the  gain  can  be  written  as 


fM=VMV, 


lv(/)|  =_- 

T(» 


1 

4jr'/2+(T/To)2 


i 


and  the  phase  as 


a(f)  =  tan  '(■-,7r/To)- 


where  v  is  the  speed  of  the  interferometer  mirror. 
Then  the  slowest  sampling  rate  is  2/m-  When  we 
match  the  time  constant  t0  of  the  filter  with  this 
sampling  rate  2Jm,  the  highest  frequency  content  in 
the  spectrum  is  recovered  with  a  gain  factor  of  0.158, 
a  rather  poor  figure.  A  solution  to  this  problem  is 
found  in  an  increase  in  the  sampling  rate  from  2/m  to 
about  4jt/.m.  The  spectrum  is  then  recovered  without 
much  attenuation,  and  the  gain  varies  between  1  and 
0.707  within  the  signal  bandwidth. 


I 
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Appendix  2-A.6 


The  tolerance  uz  derived  in  Appendix  2-A.4  is  given  The  total  time  available  for  the  measurement  is 


ux  =  0.bi/(a0x/R), 


T  =  X/v=l/(2v  5a), 


where  a0  is  the  optical  frequency  and  R  is  the  resolving 
power.  Equating  this  expression  for  Ax  with  Eq. 
(2-44),  we  get 


where  A'  is  the  maximum  path  difference,  related  to 
the  resolution  5 a  bv 


£r  Av  —  0.04/ ((Ton//?), 


A'  =  1/(2  5a). 


Since  the  resolving  power  R  is  given  by 


r  =  0.0S/ (<r0  A  v\'Ii). 


R=an'5a, 


The  total  observation  time  is  obtained  by  multiplying 
the  total  number  of  interferogrnm  samplings  by  the 
time  constant  r.  Thus, 


the  efficiency  rj  i..  llien  given  by 


r,  =  Rt/T =0.10  ~~  ~ 

Ara,,  Ac 


/fT  =  0.0S\  /f/(<rn  Av). 
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3.  Interferometers  for  Fourier  Spectroscopy 
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Abstract 


An  interferometer  for  Fourier  spectroscopy  should  have  two  interfering  beams 
and  an  easy  method  of  varying  their  path  difference  by  moving  some  component. 
Accidental  errors  of  this  movement  should  not  limit  the  source  size,  nor,  prefer¬ 
ably,  should  it  be  limited  by  image  shifts  accompanying  the  change  of  path. 
Polarization  errors  should  be  absent. 

These  criteria  are  discussed  and  applied  to  existing  interferometers. 


3-1  INTRODUCTION 

The  optical  system  of  a  Fourier  spectrometer  is  n 
*  vo-beam  interferometei  with  a  variable  delay  r. 

A  detector  gives  an  output  consisting  of  a  uniform 
background  signal  on  which  is  su|>crimposed  an 
oscillatory  function  of  the  delay,  called  the  interfero- 
grum.  This  interferogram  is  the  autocorrelation 
function  of  the  radiation  field  at  times  r  apart,  ami 
hence  the  Fourier  transform  of  the  power  spectrum 
of  the  radiation.  The  spectrometer  may  be  used  to 
measure  the  spectrum  of  an  external  source,  or  a 
refractive-index  spectrum  of  a  sample  placed  inside 
it.1 

The  simple  theory2  that  leads  to  the  exact  Fourier 
transform  considers  a  point  source  of  radiation  and  a 
jHiiut  detector  of  radiant  jMiwer.  Two  rays  connect 
these  {Mints,  one  following  each  arm  of  the  inter¬ 
ferometer.  The  transit  time  for  radiation  along  each 
ray  is  given  by  tin*  sum  £nrf  c.  the  ray  length  <1  in 
each  medium  through  which  it  passes  divided  by  the 

Precriim  pap  Hank 


s|>ced  of  light  in  that  medium  c  m.  The  difference 
between  the  times  for  the  two  paths  is  the  delay  r 
of  the  interferometer.  This  multiplied  by  the  sjiecd 
of  light  is  the  optical  path  difference  .r  =  cr,  a  more 
appropriate  quantity  for  a  discussion  of  interferom¬ 
eters  since  lengths  of  arms  are  measured  rather  than 
transit  times.  The  optical  path  difference  is  the 
difference  of  the  sums  £»(/  for  the  two  rays. 

in  an  ideal  symmetrical  interferometer,  the  ieter- 
ferogram  F(i)  is  an  even  function  of  the  path  dif¬ 
ference  r  and  the  sjiertrum  is  then  given  by  a  cosine 
transform 


li{<r)  *  2  j  F(x)  cos  'Jrar  tlx:  (3-1 ) 

1 1) 


the  reciprocal  coordinate  I"  path  difference  is  the 
wave  nundier  tr.  In  practice  the  interferometer  can 
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reach  some  finite  maximum  value  A'  of  the  path 
difference  and  this  determines  the  resolving  power  of 
the  spectrometer;  the  smallest  resolved  interval  is 
i<r»  I/A’  and  the  resolving  power  is  lt=o/&cr=aX. 
The  path  difference  should  vary  from  zero  to  X, 
either  continuously  or  in  steps  of  a  size  chosen  by  the 
sampling  theorem.  If  the  interferometer  produces  an 
asymmetrical  interferogram,  correction  of  the  phase 
error'1  requires  that  the  path  difference  should  also 
cover  a  small  range  of  values  on  the  other  side  of 
zero.  This  extra  range  gives  no  increase  in  resolving 
power. 

The  optical  path  difference  is  changed  by  increasing 
the  distance  travelled  in  some  part  of  one  arm, 
usually  by  movement  of  a  mirror.  Preferably  the 
change  is  made  in  air  or  in  vacuo,  so  that  the  optical 
path  (inference  is  independent  of  wave  number.  If  the 
path  is  changed  in  a  dispersive  medium,  the  path 
difference  varies  with  wave  number  and  the  spectrum 
is  obtained  on  a  nonlinear  scale  of  wave  number.  This 
is  a  minor  inconvenience  that  can  be  corrected  during 
the  computation  of  the  transform. 

The  starting  point  in  designing  a  suitable  inter¬ 
ferometer  is  to  provide  a  path  difference  that  can  be 
varied  conveniently  over  a  range  determined  by  the 
requirements  of  resolving  power  and  phase  correction. 
An*  initial  choice  of  suitable  types  is  made  on  the 
simple  two-ray  picture. 

3-2  PRINCIPAL  TYPES 

Interferometers  are  classified  traditionally  into 
those  with  division  of  wavefront  and  those  with 
division  of  amplitude.  Both  types  arc  used  in  Fourier 
spectroscopy,  but  the  latter  has  a  much  greater 
variety  of  forms. 

3-2.1  Division  of  Wavefront  i 

For  division  of  wavefront,  the  two  rays  leave  the 
source  in  different  directions  and  arrive  at  the  de¬ 
tector  from  different  directions.  In  between,  they  are 
separated  and  the  path  of  one  may  be  varied  easily 
by  some  means  such  as  the  movable  mirror  shown  in 
Figure  3-1. 


Figure  a-l.  Simple  Division-of-wavcfront  Interferometer 
with  Variable  I’ulh  Difference 


3-2.2  Division  of  Amplitude 

In  division  of  amplitude,  a  single  ray  from  the 
source  is  divided  into  two  by  a  beam-splitter.  These 
two  proceed  separately  in  a  region  where  a  variable 
path  difference  can  be  easily  introduced,  and  then 
recombine  at  a  second  beam-splitter  or  at  n  second 
encounter  with  the  first. 

These  interferometers  can  be  further  subdivided 
according  to  the  type  of  beam-splitter  that  is  used. 

3-2.2. 1  PARTIAL  REFLECTORS 

The  most  common  beam-splitter  is  the  partial 
reflector  or  half-silvered  mirror  that  reflects  part  of 
the  incident  radiation  and  transmits  part.  At  long 
wavelengths  it  is  made  from  a  stretched  sheet  of 
plastic  film,  usually  Mylar4.  For  shorter  wavelengths 
a  thin  coating  of  a  dielectric  (or  occasionally  a  metal) 
on  a  transparent  support  is  used. 

The  three  basic  two-beam  interferometers  with 
this  type  of  beam-splitter  are  shown  in  Figure  3-2. 


Figure  3-2.  Basic  Two-beam  Interferometers  with  Divi¬ 
sion  of  Amplitude.  (a)  Mueh-Zehndcr,  (b)  Miehclson 
(e)  cyclic 


The  Miehclson  interferometer  gives  the  simplest 
method  of  changing  the  path  difference  and  it  is  the 
type  most  used  in  Fourier  spectroscopy.  The  Mach- 
Zehnder  interferometer'  has  the  advantage  of  two 
separate  outputs  in  which  the  interferograms  may 
be  complementary,  a  feature  that  can  be  useful  for 
reducing  the  noise  from  source  fluctuations.  It  is 
not  easy  to  change  the  path  length,  however,  unless 
the  modification  shown  in  Figure  3-3 (a)  is  used.  In  the 
Miehclson  interferometer  the  second  output  is 
returned  to  the  source.  It  can  be  recovered  if  the 
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modification  (Figure  3-3 (b))  is  used,  where  the  mirrors 
have  been  replaced  by  retroreflectors,  which  are 
shown  as  cube  corners. 

The  cyclic  interferometer  is  not  a  suitable  form, 
since  its  path  difference  is  not  easily  varied. 

3-2.2.2  POLARIZATION  INTER¬ 
FEROMETERS 

Partial  reflectors  are  usually  partial  polarizers. 
Fully  polarizing  beam-splitters  can  be  made  of  stacks 
of  suitable  dielectric  layers,  from  birefringent  mate- 
tials  or,  for  longer  wavelengths,  of  wire  grids. 

A  polarization  interferometer,  however,  implies 
more  than  the  use  of  a  polarizing  beam-splitter.  It 
is  an  interferometer  made  of  a  birefringent  material, 
such  ns  quartz,  calcite,  or  rutile,  whose  refractive 
index  differs  for  the  two  orthogonal  linear  polariza¬ 
tions.  Two  rays  may  follow  the  same  path  yet  have 
an  optical  path  difference  due  to  the  index  difference. 
The  path  difference  can  be  varied  by  changing  the 
effective  thickness  of  the  material. 

3- 2.3.3  DIFFRACTING  BEAM-SPLITTERS 

A  diffraction  grating  can  be  regarded  as  a  beam¬ 
splitter,  since  it  divides  an  incident  ray  into  one  direct 
and  several  diffracted  rays.  It  is  difficult  to  make  a 
grating  that  produces  only  two  rays,  but  one  that 
gives  three  rays — one  direct  and  two  diffracted — is 
feasible. 

A  Fourier  spectrometer  that  uses  a  grating  as 
beam-splitter  is  the  mock  interferometer  of  Mcrtz 
ct  al.ft 

3-3  FURTHER  CONSIDERATIONS 

Further  factors  that  affect  the  choice  of  a  suitable 
type  of  interferometer  arc  the  properties  of  beam¬ 
splitters  and  reflectors,  and  the  action  of  the  inter¬ 
ferometer  on  polarized  light. 

3-3.1  Beam-splitters 

A  single-lilm  or  coating  beam-splitter  reflects 
radiation  from  both  its  surfaces.  To  give  sufficient 
reflectance,  these  two  reflected  components  should  be 


in  phase  so  that  they  reinforce;  the  film  should  be  one 
quarter-wavelength  thick. 

Obviously,  a  beam-splitter  can  have  optimum 
thickness  for  one  wavelength  only.  For  longer  wave¬ 
lengths  its  reflectance  drops  to  zero  as  the  wave 
number  tends  to  zero;  for  shorter  wavelengths  it 
oscillates  between  zero  and  its  maximum  value  as 
the  thickness  goes  through  even  and  odd  multiples 
of  X/4.  Around  the  optimum  wavelength  it  has  a 
useful  range  of  two  to  three  octaves;  for  larger  spectral 
ranges  the  beam-splitter  would  need  to  be  changed. 

A  beam-splitter  that  is  a  coating  on  a  transparent 
support  requires  a  com  pen  satiny  plate  in  the  other 
beam,  of  the  same  material  and  thickness  as  this 
support.  This  enables  the  optical  paths  in  the  two 
beams  to  be  matched  at  all  wavelengths.  Without 
such  a  match,  an  unsymmetrical  interferogram  is 
obtained,  which  requires  phase  correction  to  give  the 
spectrum. 

Partially  reflecting  beam-splitters  are  partial 
polarizers,  reflecting  more  of  one  linear  polarization 
than  the  other.  This  in  itself  is  not  serious  because  a 
beam-splitter  is  usually  used  twice,  once  in  trans¬ 
mission  nnd  once  in  reflection,  and  the  product  of 
reflectance  and  transmittance  varies  much  less  tliasi 
each  factor  alone.  But  the  polarizing  effects  of'  a 
beam-splitter  can  interact  with  those  of  other  com¬ 
ponents  of  the  interferometer. 

3-3.2  Polarization  Effects 

A  polarization  interferometer  is  used  with  a  polar¬ 
izer  on  each  side  of  it.  It  thus  analyses  one  linear 
polarization  of  the  source  at  a  time. 

Interferometers  with  partial  reflectors,  however, 
analyse  both  polarizations  together.  The  two  inter- 
ferograms,  produced  by  the  two  principal  directions  of 
linear  polarization,  should  coincide  or  modulation  is 
lost.  Since  oblique  mirrors  give  a  phase  difference  to 
these  two  polarizations,  their  use  can  reduce  modula¬ 
tion. 

If  similar  oblique  mirrors  are  used  in  the  other  arm 
of  the  interferometer,  these  phase  differences  cancel 
provided  all  components,  mirrors  and  beam-splitter, 
have  the  same  principal  directions.  But  if  the 
mirrors  are  skewed,  this  cancellation  does  not  occur, *’ 
since  tire  result  of  a  sequence  of  polarizing  com¬ 
ponents  at  different  azimuths  depends  on  their  order 
and  this  cannot  be  the  same  for  both  beams  (in  one 
beam  the  beam-splitter  reflects  first,  in  the  other  it 
transmits  first). 

3-3.3  ‘Reflectors 

•  '  •; 

Twcf  tyjies  of  reflector  are  used  in  interferometers: 
specular  Reflectors  and  retroreflectors. 

A  plane  mirror  is  a  specular  reflector  and  the 
reflected  ray  leaves  from  the  point  of  arrival  of  the 
incident  ray  at  an  equal  angle  but  on  the  opposite 
side  ofjthc  normal.  In  a  retroreflcctor,  the  reflected  ray 
leaves  [it  the  same  angle  ns  the  incident  ray  but  from 
a  point  an  equal  distance  on  the  opposite  side  of  the 
center  to  the  point  of  incidence.  The  reflected  ray  is 
unaffected  by  movements  of  a  specular  reflector  in 
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it'  mMi  plain ■  hut  change'  angle  if  the  reflector  is 
tilted.  The  ray  from  a  relroreflector  is  unaffected  by 
tilts  but  is  displaced  by  lateral  movements  of  the 
reflector. 

.  igure  3-4  shows  three  forms  of  ret roref lector.  The 


Kil'iire  3-4  Retroreflectors.  (a)  cube  corner,  (b)  refracting 
cat’s  eye  (e)  all-reflecting  cat’s  eye 


first,  the  cube  corner,  is  made  either  as  a  prism  or  as 
three  mutually  perpendicular  mirrors.  The  others 
are  known  as  ‘cat’s  eyes’,  both  refracting  and  re¬ 
flecting. 

The  mirrors  of  a  cube  corner  are  skewed,  and  an 
interferometer  using  these  will  show  polarization 
effects  whose  magnitude  depends  on  the  optical 
constants  of  the  mirror  and  beam-splitter  coatings. 
Cube  corners  are  successfully  used  in  Fourier  spec¬ 
trometry,  so  the  loss  of  modulation  of  the  inter- 
ferogram  is  not  always  serious,  but  it  is  a  factor  to  be 
watched.  The  mirrors  of  a  cat’s  eye  arc  used  at  close 
to  normal  incidence  and  polarization  effects  arc  very 
small, 

The  large,  concave  mirror  of  the  cat’s  eye  is 
commonly  made  a  paraboloid  to  correct  for  spherical 
aberration;  the  coma  of  a  single  paraboloid  is  cor¬ 
rected  when  the  same  mirror  is  used  twice.  However, 
spherical  mirrors  are  simpler  to  produce  and  the 
spherical  aberration  is  the  same  for  both  beams  and 
so  cancels.  A  second-order  error  occurs  when  the 
cat’s  eye  is  tilted',  but  this  is  usually  smaller  than  the 
source-size  errors  discussed  next. 

3-4  FINITE  BEAMS 
3-4.1  Beam  Size 

A  single  ray  transmits  lio  -uadiant  power.  Finite 
power  requires  a  beam  of  Unite  area  of  cross  section 
and  Unite  solid  angle  of  spread.  The  power  that  such 
(  abeam  conveys  is  directly  proportional  to  the  product 
’  of  area  and  solid’angle,  the  elcndur  or  optical  extent 
of  the  beam.  This  product  is  invariant  along  the 
beam  as  it  passes  through  an  optical  system. 

In  an  image-forming  system,  the  elnidur  of  the 
beam  is  fixed  by  two  apertures,  the  entrance  pupil 
and  the  field  stop.  There  are  similarly  two  limiting 
apertures  in  an  interferometer;  these  may  be  the 
source,  the  detector,  the  beam-splitter,  or  the  mirrors. 
In  interferometers  in  which  fringe  patterns  are  viewed, 
such  as  those  for  testing  lenses,  one  aperture  deter¬ 


mines  the  size  of  the  interference  pattern,  the  held 
aperture;  the  other  is  the  aperture  of  the  effective 
source.  In  Fourier  spectrometers  there  is  no  such 
distinction  between  the  two  apertures;  all  that  matters 
is  the  total  radiation  between  them.  However,  it  i 
convenient  to  retain  the  names,  although  one  limiting 
aperture  may  be,  for  example,  the  detector  rather 
than  the  source. 

3-4.2  Variations  of  Path  Difference 

For  the  same  theory  to  apply  for  two  extended 
beams  as  for  single  rays,  the  optical  path  differences 
for  a  pair  of  rays  from  any  point  in  the  source  plane 
to  any  point  in  the  field  plane  should  be  the  same; 
for  the  final  interferogram  is  derived  from  the  inte¬ 
grated  interferograms  for  all  such  pairs  of  rays  and  a 
variation  of  path  difference  will  reduce  the  modulation 
of  this  sum. 

F’igure  3-5  shows  two  rays  through  the  interferom- 


Figure  3-5  Positions  at  Reference  Planes  and  Directions 
of  Rays 


eter  that  connect  a  point  (£,  ij)  at  the  source  to  a 
point  («' ,  v')  in  the  field  plane.  These  rays  leave  the 
source  with  direction  cosines  (l\,  mh  n i )  and 
(l2)  m2.  a  a)  find  arrive  at  the  field  plane  with  direction 
cosines  (//,  wi,',  n/)  and  {l2,  m2,  n2). 

For  neighboring  points  in  the  two  planes,  the 
variation  in  path  is  given  by  Fermat’s  principle  as 


dP  =  /'  du'+m'  dv'  —  kp  —  mdri  (3-2) 


for  both  beams.  The  variation  in  path  difference  is 
thus 


dx~(l2—li')  du'+(m2'~  mi')  dv' 

-(1-2-1  i)  (T3) 


For  the  path  difference  to  be  the  same  for  all  rays,  its 
variation  dx  must  be  zero  tor  any  variations  du', 
dv',  d£,  or  dij.  Thus  every  pair  of  rays  must  arrive 
at  the  field  plane  from  the  same  direction  and  leave 
the  source  from  the  same  direction.  If  this  is  not  so, 
the  corresponding  aperture,  field  or  source,  must  be 
made  sufficiently  small  so  that  the  finite  variation 
bx  is  tolerable,  which  means  in  practice  bx  <  X,  where 
X  =  l/tr  is  the  wavelength  of  the  radiation. 

3-4.2. 1  INTERFEROMETER  PARAMETERS 

To  separate  the  various  effects  that  cause  the  path 
variations,  it  is  convenient  to  introduce  four  param¬ 
eters6  to  describe  the  interferometer.  Figure  .3-0 


Figure  3-6.  One  Section  of  Figure  3-5,  Showing  Images  of 
Each  Plane  as  Seen  From  the  Other 


shows,  in  two  dimensions  only,  an  elaboration  of 
Figure  3-5  to  which  have  been  added  the  images  of 
each  plane  as  seen  from  the  other.  Each  image  is 
doubled,  there  being  one  image  for  each  beam,  and 
these  two  images  may  be  separated  laterally  and 
longitudinally.  Either  separation  can  cause  a  differ¬ 
ence  in  direction  of  a  pair  of  rays. 

For  the  field  images,  the  lateral  separation  is  the 
shear  s,  and  the  longitudinal  separation  is  the  shift  h. 
For  the  source  images,  these  are  the  tilt  f'  and  the 
lead  V.  The  difference  between  direction  cosines  can 
be  expressed  in  terms  of  these  parameters  and  of  the 
two  separations  z  and  z'  from  source  to  aperture 
image  and  from  source  image  to  aperture,  to  give  the 
variation  of  path  difference  dx.  Integration  gives  the 
path  difference,  which  is  found  to  be 

x  =  Xo~  {ti'u'  Jt-ljV,)/z'—l'(u'2+v'2)/2z'2 

—  (sf{H-S;»i)/z— fi(i2+»?2)/-z2,  (3-4) 

where  t/,  t/  and  s,-,  s,-  are  the  two  normal  com¬ 
ponents  of  the  tilt  and  shear  and  xo  is  the  path  dif¬ 
ference  for  a  central  pair  of  rays. 


If  a  shear  is  present,  tin1  variation  r— r,,  is  small 
only  when  the  source  is  small  in  the  direction  of  the 
shear  (a  narrow  slit);  if  a  shift  is  present  the  source 
should  be  small  in  all  directions  (a  small  circle).  A 
tilt  or  a  lead  imposes  similar  conditions  on  the  field 
size. 

.3-4. 2. 2  CHOICE  OF  APERTURE  SIZE 
Although  not  designed  for  the  purpose,  a  Fourier 
spectrometer  can  show  interference  fringes  when 
monochromatic  radiation  is  used  with  it,  provided 
the  beam-splitter  transmits  some  visible  radiation. 
Interference  patterns  can  be  observed  in  both  the 
source  and  field  planes  in  turn  when  the  aperture  in 
the  other  plane  is  made  sufficiently  small.  The  fringes 
for  a  Michelson  interferometer  are  shown  in  Figure  3-7. 


Figure  3-7.  Two  Sets  of  Fringes  in  a  Michelson  Inter¬ 
ferometer 


Interference  fringes  are  contours  of  each  one-wave¬ 
length  change  of  path  difference.  If  each  aperture  of 
the  interferometer  is  made  to  cover  no  more  than  one 
half  a  fringe  spacing  of  the  fringes  that  can  be  seen  in 
its  plane,  rays  between  two  such  apertures  cannot 
have  a  variation  of  path  difference  exceeding  one 
wavelength. 

3-5  COMPENSATION 

It  is  possible  to  make  more  complicated  inter¬ 
ferometers  in  which  one  or  more  of  the  four  parameters 
is  always  zero.  This  technique  is  called  interferometer 
compensation. 

3-5.1  Sources  of  Errors 

There  is  no  reason,  in  theory,  why  a  Fourier 
spectrome  or  should  have  either  a  shear  or  a  tilt.  In 
practice,  however,  these  occur  because  of  the  difficulty 
of  moving  a  mirror  (or  similar  component)  to  change 
the  optical  path  without  accidentally  tilting  it  or 
displacing  it  laterally.  The  correction  of  shears  and 
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tilts  is  thus  a  balance  between  the  merits  of  com¬ 
pensation  vs  better  mechanical  design  and  construc¬ 
tion.  It  is  usually  possible  to  have  only  one  of  the 
two  present,  if  the  mirror  moved  is  at  an  image  of  the 
aperture  plane,  this  image  is  not  affected  by  a  tilt  of 
the  mirror. 

The  problem  of  shears  and  leads  is  different.  As 
they  are  longitudinal  effects,  a  change  of  optical  path 
in  a  simple  interferometer  will  ordinarily  produce  a 
change  of  these  two  parameters,  and  this  can  be 
avoided  only  by  a  compensation  technique.  Again  it 
is  possible  to  eliminate  one  but  not  both  effects  by 
simple  means.  In  the  common  form  of  Michelson 
interferometer  there  is  a  collimating  system  so  that, 
from  the  aperture  plane,  the  source  appears  at  infinity. 
Any  finite  change  of  distance,  as  used  to  change  the 
path  «’  Trence,  will  not  be  noticed;  this  interferometer 
will  have  a  shift  but  no  lead.  This  means  that  the 
size  of  the  source  on.y  is  limited.  The  aperture,  as 
given  bv  the  size  of  the  beam-splitter  or  mirrors,  can 
be  as  large  as  space  or  money  allows. 

3-5.2  Scanning  Functions  for  No  Compensation 

The  integrated  effect  of  variations  in  path  differ¬ 
ence  across  the  beam  is  to  reduce  the  modulation  of 
the  interferogram.  This  reduction  sets  the  maximum 
values  of  the  avoidable  parameters,  tilt  and  shear, 
that  can  be  allowed. 

In  an  uncompensated  interferometer,  there  is  an 
unavoidable  variation  of  path  difference,  expressible 
in  terms  of  the  longitudinal  parameters,  that  increases 
with  the  path  difference  x.  This  leads  to  a  modulation 
that  can  be  expressed  as  the  product  of  an  ideal  inter¬ 
ferogram  and  a  decreasing  function  of  x,  sometimes 
called  an  aperture  function.  The  resulting  spectrum 
is  degraded  by  convolution  with  a  scanning  function 
that  is  the  Fourier  transform  of  this  aperture  function. 

Thus,  phase  variations  that  increase  with  path 
difference  degrade  the  spectrum  in  the  same  way  that 
aberrations  in  a  classical  spectrometer  do.  Aberra¬ 
tions  of  an  interferometer,  and  othpr  constant  phase 
variations,  do  not  cause  any  such  degrading,  although! 
they  do  reduce  the  signal  obtained. 

Two  aperture  functions  have  been  calculated;  both 
are  complex  functions.  Their  absolute  values  are 
shown  in  Figure  3-N. 

The  first  ease  is  that  of  an  interferometer  in  which 
one  limiting  aperture,  source  or  detector,  is  at  in¬ 
finity.  If  the  source  is  circular  and  subtends  a  solid 
angle  S 2,  the  aperture  function  is 


si'U'  (  2f'')  t>xp  (  ~ i ,S2<rr)  ; si 


:  sine  x  =  sin  jrx/irx.  (3-5) 


The  interferogram  thus  disappears  at  the  first  zero 
o!  this  function,  x  =  '2ir  l.’tr.  Hence  the  maximum 
path  difference  .V  must  be  less  than  this  value:  the 


Figure  3-8.  Absolute  Values  of  Aperture  Functions  for  an 
Interferometer:  (a)  With  Collimation  and  a  Circular  Source 
(b)  With  no  Collimation  and  Two  Circular  Apertures  of  the 
Same  Size8 


source  size  is  limited  by 


12  <  2ir/aX  =  (3-6) 


where  R  is  the  resolving  power. 

The  second  case  given  is  for  an  interferometer 
without  collimation.  Both  apertures  are  circles  of  the 
same  size.  The  modulation  falls  more  rapidly  than 
for  an  interferometer  with  collimation,  but  never 
reaches  zero. 

3-5.3  Tilt  and  Shear  Compensation 

If  a  moving  mirror  of  a  Michelson  interferometer  is 
accidentally  tilted,  it  introduces  a  tilt  and  the  modu¬ 
lation  of  the  interferogram  is  reduced.  If  a  retro- 
reflector  is  used  instead, 9,10  tilts  have  no  effect  but 
accidental  lateral  displacements  produce  a  shear, 
which  has  a  similar  effect  on  the  interferogram.  In 
practice,  it  is  simpler  to  meet  the  tolerance  on  lateral 
displacements  than  that  on  tilts,  and  retroreflectors 
have  a  practical  advantage  over  plane  mirrors.  A 
combination  of  a  moving  retroreflector  and  a  station¬ 
ary  mirror,  shown  in  Figure  3-1),  is  insensitive  to  both 
tilts  and  displacements  of  the  moving  component  and 
so  is  fully  compensated. 

Another  method  of  compensation  is  to  move 
together  two  components,  one  in  each  arm  of  the 
interferometer,  so  that  one  path  is  increased  as  the 
other  is  reduced.  These  components  can  be  coupled 
so  that  errors  of  movement  cancel.  Two  mirrors  are 


Figure  3-9.  A  Combination  of  Movable  Retroreflector 
and  Stationary  mirror  that  Introduces  Neither  Shear  nor 
Tilt 


most  simply  coupled  by  placing  them  back  to  back. 
For  the  tilts  in  both  arms  to  be  the  same  as  this  mirror 
pair  is  'ted,  the  beams  in  each  arm  must  twist,  so 
that,  joined  together,  they  have  the  topology  of  a 
Mobius  band  with  180°  twist.  An  example  of  such  an 
interferometer  is  shown  in  Figure  3-10,  it  can  be 


Figure  3-10.  A  Mbbius-band  Interferometer  Corrected 
for  Polarization  Effects 


made  with  fewer  mirror;,  but  at  the  expense  of 
introducing  polarization  errors. 

Similar  compensation  is  possible  with  two  retro- 
reflectors  joined  together.  Now  the  beams  should 
have  no  twist:  a  simple  ‘all-in-one-plane’  inter¬ 
ferometer  is  compensated.14 

3-5.4  Field-Widening 

The  compensation  for  shifts  and  leads  is  more 
complex,  In  a  simple  interferometer  these  parameters 


are  directly  related  to  the  path  difference,  yet  we 
require  a  variable  path  difference  but  no  shift  nor 
lead.  This  is  possible  vitli  certain  special  designs  of 
interferometer,  said  to  be  field-widened  since  the 
source  size  is  no  longer  limited  to  il<2ir/ It. 

Two  main  methods  are  used  to  (ield-widen  an 
interferometer.  The  first  involves  changing  the 
length  of  path  in  two  different  media  simultaneously, 
for  example  air  (or  vacuum)  and  glass  (or  a  trans¬ 
parent  crystal),  as  shown  in  Figure  3-11.  Compensa- 


Figure  3-11.  By  Suitably  Coupled  Movements  of  the 
Wedges  and  the  Mirror  the  Optical  Path  Can  lie  Varied  Without 
Introducing  a  Shift 


tion  is  possible  since  the  optical  path  in  a  medium  of 
thickness  d  and  refractive  index  n  is  nd  while  an 
image  seen  through  it  appears  tit  a  distance  d/n. 

The  second  method  involves  changing  a  focusing 
system  inside  the  interferometer.  Connes15  Inis 
shown  that  if  a  telescope  is  placed  in  each  arm  of  a 
Michelson  interferometer,  a  movement  of  one  tele- 
sec, pe  and  one  mirror  together  can  give  field-widening. 
For  F  rier  spectrometers,  a  more  attractive  method 
is  that  suggested  by  ('uisenier,'"  Cuiseuior  and 
Pinard,7  and  Krickson14  of  changing  tin1  curvature 
of  a  mirror,  such  as  the  convex  mirror  of  a  cat's  eye, 
as  the  optical  path  is  being  changed. 

Field-widening  does  not  allow  unlimited  source 
sizes,  since  second-order  effects  (aberrations  of  the 
components)  introduce  their  own  limit.  However, 
gains  in  solid  angle  of  about  100  times  that  for  a 
collimated  interferometer  are  possible. 

3-6  CATALOG  OF  INTERFEROMETERS 

It  is  now  appropriate  to  list  the  main  interferom¬ 
eters  used  for  Fourier  spectroscopy  to  see  how  they 
meet  the  different  requirements  that  have  been 
discussed.  Most  systems  are  variants  of  tiie  Michelson 
interferometer,  but  there  are  first  three  special  types. 


3-6.1  La  Traitor  Groong 

Thf  lamellar  grating,  Figure  3-12,  consists  of  a 


Figure  ;M2.  Lamellar  Grating,181? 


second  pair  of  wedges  with  their  optic  axis  at  right 
angles  to  that  of  the  first  enables  the  path  difference 
to  reach  zero. 

Polarization  interferometers  are  limited  to  spectral 
regions  in  which  transparent  birefringent  crystals  are 
available.  The  change  of  path  is  less  (for  quartz, 
much  less)  than  the  movement  of  the  wedges.  This 
makes  the  interferometer  stable  (relatively  unaffected 
by  tilts,  and  so  forth)  but  of  low  resolving  power. 

In  use,  there  must  be  a  polarizer  on  each  side  of  the 
birefringent  plates.  Sinton21  has  shown  how,  by 
replacing  these  by  polarizing  beam-splitters,  the  two 
polarizations  are  analysed  simultaneously  and  no 
radiation  is  wasted. 

The  allowed  source  size  for  a  polarization  inter¬ 
ferometer  is  less  than  that  for  an  uncompensated 
Michelson  interferometer  by  the  factor 


fixed,  slotted  mirror  and  through  these  slots  the 
tongues  of  the  movable  mirror  can  pass.  It  is  a 
multiplication  of  the  simple  interferometer  of  Figure 
.'{-1  and  is  the  sole  example  of  an  interferometer  with 
division  of  wavefront. 

As  the  rays  must  leave  the  source  and  arrive  at  the 
detector  at  different  angles,  a  shear  is  always  present 
and  the  source  must  be  a  narrow  slit.  This  means 
that  the  etendue  is  less  than  that  possible  with  division 
of  amplitude. 

The  lamellar  grating  is  an  instrument  for  the  far 
infrared,  since  it  is  difficult  to  make  mirrors  of 
sufficient  accuracy  for  shorter  wavelengths.  The 
reduced  etendue  is  then  not  serious,  since  detector 
size  is  often  the  limitation  in  this  region;  larger  beams 
could  not  be  used.  Richards11*  has  shown  that  it  is 
more  efficient  than  a  Michelson  interferometer  for 
wavelengths  greater  than  0.1  mm  (<r<  100  cm-1)  and 
it  has  a  larger  useful  range,  since  there  are  no  beam¬ 
splitters  that  may  need  changing. 

3-6.2  Special  Beam-Splitters 

3-0.2. 1  POLARIZATION  INTER¬ 
FEROMETERS 

Alternative  forms  of  a  polarization  interferometer 
are  shown  in  Figure  3-13.  The  thickness  of  a  bire- 
friugeut  plate  is  changed  by  making  it  as  two  wedges 
that  can  be  slid  past  each  other.  A  bias  plate  or  a 


n2  d 

y/2 


(3-7) 


where  n  is  the  mean  refractive  index  of  the  bire¬ 
fringent  material,  d  is  the  change  of  thickness  re¬ 
quired  to  produce  the  maximum  path  difference  A', 
and  I)  is  the  total  thickness  of  the  wedges  and  bias 
plate  at  zero  path  difference. 

3-0.2.2  MOCK  INTERFEROMETER 

The  mock  interferometer  (Figure  3-14)  consists 


Figure  3-11.  The  Mock  Interferometer  of  Mertz  el  at ,a 
It  1ms  Leon  developed  further  by  Selby81  and  Ring  and  Selby13 


Figure  3-13.  Polarization  Interferometers:  (a)  Fixed  bias 
Plate-"  (I,)  IVublr  Wedges 


of  a  Lift  row  monochromator  in  which  the  entrance 
and  exit  slits  have  been  replaced  by  a  rotatable 
grating.  As  this  rotates,  the  diffracted  beams  rotate 
around  the  direct  bourn  and.  except  for  the  wave 
number  an  which  focuses  back  to  the  center  of  rota¬ 
tion,  the  path  of  the  diffracted  rays  changes.  Pro¬ 
vided  the  spectrum  studied  lies  wholly  on  one  side  of 
<t,i,  an  interferogram  is  produced  that  can  be  trans¬ 
formed  to  a  spectrum.  This  has  a  nonlinear  scale  of  <r 
with  a  displaced  zero  at  <r„. 


.11 


3-6.3  Michelton  Interferometer 

3-0.3. 1  UNCOMPENSATED  INTKR- 
FEROMETEK 

The  simple  Michelson  interferometer,  in  spite  of 
its  sensitivity  to  mirror  tilt,  has  the  considerable 
advantages  of  compactness  and  simplicity.  It  is 
widely  used  in  the  far  infrared24  where,  because 
tolerances  are  related  to  the  wavelength,  it  is  easier  to 
make  the  mirror  movement  sufficiently  accurate  not 
to  be  troubled  by  tilts.  However,  it  can  be  used 
satisfactorily  for  the  near  infrared,  and  Mertz25 
has  made  it  in  a  particularly  compact  and  stable  form. 

The  aperture  functions  shown  in  Figure  3-S  indicate 
the  advantage  of  using  this  interferometer  (and 
others  listed  later)  with  collimating  optics  so  that  the 
aperture  limiting  the  source,  at  either  the  source 
itself  or  at  the  detector,  appears  at  infinity. 

3-6.3.2  TILT-COMPENSATED  INTER¬ 
FEROMETER 

The  tilt-compensated  system  of  Figure  3-9  is  a 
modified  Michelson  interferometer  in  which  both 
arms  still  end  with  plane  mirrors.  It  has  been  used 
in  the  near  infrared  (3-4 pm)  by  Rundle26  with  a  cube 
corner  as  retroreflector. 

The  Mobius-band  interferometer  of  Figure  3-10 
has  also  been  made  for  the  near  infrared  by  Pritchard 
et  a/.13  It  is  quite  insensitive  to  tilts  of  the  moving 
mirror  pair  but  has  unfortunately  proven  to  be  much 
more  sensitive  to  temperature  changes  (which  tilt 
the  fixed  mirrors)  than  a  simpler  interferometer. 
Thus,  a  departure  from  a  symmetrical  construction 
has  hidden  disadvantages. 

A  different  type  of  tilt-compensated  interferometer, 
that  remains  a  simple,  plane  instrument,  is  shown  in 
Figure  3-15.  Here  the  beam-splitter  and  a  mirror 
rotate  together  as  a  parallel  pair  that  compensates 
for  tilts,  which  are  here  introduced  deliberately.  This 
rotation  introduces  the  path  difference. 


Figure  3-15.  Tilt-rom|)en»nte<t  Interferometer  of 
Ktcrnlx'rg  and  Junto*” 


3-0.33  FIELD  WIDENED 
A  simpler  form  of  the  field-widened  Michelson 
than  that  of  l’igure  3-11  is  shown  in  Figure  3-1(5. 


Figure  3-1G.  Field-widened  Interferometer  of  Iiou- 
ehnreine  and  Connes  (1903) 211 


Each  wedge  is  now  in  a  separate  arm  of  the  inter¬ 
ferometer  in  the  form  of  a  prism  with  a  reflecting 
coating  on  its  back.  One  prism  is  moved  in  the 
direction  of  the  image  of  this  coating  as  seen  from  the 
front  of  the  prism;  this  image  then  remains  at  it 
fixed  tlist:  ee  as  the  optical  path  changes.  'Flu- 
astigmatism  of  the  prisms  limits  the  gain  in  solid 
angle  to  2  cot2  6,  where  0  is  the  angle  of  the  prisms. 

3-6.4  Michelson  With  Retroreflectors 

If  the  plane  mirrors  of  a  Michelson  interferometer 
are  replaced  by  retroreflectors,  tin-  mechanical  prob¬ 
lem  of  changing  the  path  without  introducing  errors 
is  simplified.  The  retroreflectors  can  be  used  centrally 
in  the  beams,  as  nre  the  mirrors  in  a  Michelson,  or  the 
beams  can  enter  on  one  side  and  leave  on  the  other. 
This  latter  method  requires  a  retroreflector  having 
more  than  twice  the  beam  diameter  but  it  has  the 
advantage  of  allowing  two  complementary  outputs 
to  be  recorded.  The  extra  parts  of  the  aperture  of  the 
retroreflector  can  be  used  for  additional  beams,  such 
as  a  monochromatic  beam  to  monitor  the  path 
difference  (measure  it  in  terms  of  the  wavelength  of 
this  radiation)  and  a  beam  of  white  light  to  indicate 
the  position  of  zero  path  difference. 

3  (5.41  (THE  CORNERS 

The  retroreflectors  used  most  commonly,  for 
example  by  Fellgett.2"  and  Roland  "1  are  cube  corners, 
made  of  three  mutually  perpendicular  mirrors. 
These  are  simple  and  fairly  compact,  but  have  the 
disadvantage  of  having  |*olarization  effects,  although 
these  do  not  appear  to  be  serious  enough  to  prevent 
fairly  widespread  use  of  this  system.  They  are  also 
rather  delicate  to  adjust,  for  the  mirrors  should  be 
accurately  perpendicular  to  each  other,  particularly 
wnen  the  cube  corner  is  used  centrally  in  the  beam. 


Figure  15-17.  Interferometer  With  Cat's  byes  as  Itotro- 
rcflti'tors,111  :l- 


for  a  servo-controlled  step-by-step  change  of  optical 
path  As  the  cat’s  eyes  are  massive,  the  first  model 
displaced  them  continuously  and  produced  the 
stepping  by  giving  a  saw-tooth  displacement  to  the 
extra  mirror.  Comtes’  latest  model.'12  however,  tuts 
the  cat's  eyes  stepped  directly.  It  represents  the 
summit  of  Fourier  spectrometers  for  the  near  in¬ 
frared.  designed  to  give  a  resolving  power  of  one 
million  for  one  million  spectral  elements  and  at  the 
same  time,  to  have  a  very  accurate  scale  of  wave 
number.  To  reduce  errors  caused  by  source  fluctua¬ 
tions  and  atmospheric  scintillation,  the  optical  path 
is  modulated,  as  suggested  by  Mertz,2'  so  that  the 
interlerogram  is  a  sine  rather  than  a  cosine  transform 
of  the  spectrum.  This  modulation  is  produced  by 
vibrating  the  small  mirror  of  one  cat’s  eye. 

.1  COMI’i:\SATi:i)  FORMS 

If  the  two  retrorefleetors  are  moved  together,  as 
»hown  in  Figure  :i-ts,  errors  due  to  accidental  lateral 
ill -p!  ,.c ■‘incuts  are  compensated  at  the  expense  of 
having  a  heavier  moving  part  in  the  interfen  meter. 
Alternatively,  the  two  retrorefleetors  may  be  con¬ 
ic  'ted  back-to-back,  as  in  the  two  interferometers 
suggested  h\  Frickson. 1 '  shown  in  Figure  .'{-Hi. 

Interferometers  with  cat's  eyes  can  be  lield-widened 
by  the  method  suggested  h\  Frick'ontt  and  t’ui- 
senier  *’■  of  deforming  t  lie  convex  mirror  o|  one  or  Ik  it  h 


(b) 


Figure  3-l!>.  Compensated  Interferometers  With  Two 
Hetrorefleetors  Hark  to  Hack,  a)  two  cillie  corners,  1>)  two 
cat’s  eyes,  one  with  a  deformable  mirror.  Both  interferometers 
have  a  small  licam-splittcr  in  convergent  radiation.  (Repro¬ 
duced  by  permission  of  Keuffel  and  Fsser  Company) 


arms.  Although  this  has  not  yet  been  incorporated  by 
(.’mines,’**’  lie  lias  designed  an  instrument  with  the 
possibility  of  adding  this  refinement  later,  if  needed. 
The  distortion  required  is  .small;  if  the  edge  of  the 
mirror  is  moved  .V  wavelengths  with  respect  to  its 
center,  the  solid  angle  can  bo  increased  by  a  factor 
J.V.  In  the  interferometer  in  Figure  .’t-ltt(b)  it  was 
intended  to  change  the  curvature  of  one  of  the  small 
mirrors  by  reducing  the  pressure  in  an  air  chamber 
behind  it. 

3-7  CONCLUSIONS 

The  final  interferometer  design  chosen  will  dc|>end 
very  much  on  the  use  to  which  the  instrument  will  be 
put.  Important  considerations  are  the  spectral  region 
to  be  studied.  th»*  resolving  |x>wcr  required,  and  the 


radiance  of  the  source.  The  design  will  represent  a 
compromise  between  simple  systems  with  high 
mechanical  accuracy  and  more  complex  interferom¬ 
eters  in  which  mechanical  errors  are  compensated, 
between  the  two  extremes  of  the  simple  Miehelson 
interferometer  and  the  two  moving  cat’s  eyes  of 
Figures  3-18  and  3-19(b)  field-widened  by  deformation 
of  the  convex  mirrors. 
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The  last  designs  have  not  yet  been  made,  but  these 
and  other  complex  systems  may  be  tried  in  the  future. 
Another  possible  development  is  the  correction  of 
mirror  tilts  by  .servo  control  rather  than  by  me¬ 
chanical  precision  or  interferometer  compensation. 
Instead  of  one  auxiliary  beam  of  monochromatic 
radiation  to  monitor  path  difference,  three  would 
be  used  to  detect  tilts  as  well. 
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Jerome  M.  Dowling 

Spoc*  Pbyvct  laboratory 
Aerospace  Corporation 
El  Sogondo,  California 


Abstract 


In  tv.o-beam  interferometry,  it  is  not  the  spectrum  which  is  measured,  but 
rather  a  quantity  called  the  interferogram  is  obtained.  The  interfemgn.ai  is  related 
to  the  spectrum  by  a  Fourier  transformation.  Recause  of  this  difference  in  what  is 
measured,  there  are  a  number  of  problems  encountered  in  Fourier  spectroscopy 
which  are  of  no  consequence  in  conventional  single  slit  dispersive  spectroscopy. 
One  of  these  is  the  dynamic  range  problem,  which  can  l>e  very  serious  in  absorption 
type  Fourier  spectroscopy.  Another  is  the  unfamiliar  form  the  raw  data  (that  is. 
the  interferogram)  take.  Thc«e  and  other  problem  areas  are  illustrated  and  reme¬ 
dial  procedures  are  discussed. 


4-1  INTRODUCTION 

The  two  principal  advantages  of  Fourier  spectros¬ 
copy  over  convent imial  single  slit  scanning  spectros¬ 
copy  are  a  larger  throughput  mid  the  multiples 
advantage.  However,  there  are  a  number  of  problems 
in  Fourier  spectroscopy  which  not  encountered 
in  conventional  single  slit  di«|»Tsivv  ,»}»retri»scopy. 
One  of  these  is  the  dynamic  range  problem,  which  can 
be  very  serious  in  ahsorplioti  type  Fourier  spectros¬ 
copy.  Another  is  the  peeuliar  form  the  raw  data 
take.  U  is  not  the  spcelmn:  whieh  is  measured.  but 
rather  a  quantity  rallre  (he  intrrferogni'  i.  whirl,  is 
relate*!  to  Urn  spectrum  by  a  Fourier  transformation 
It  is  the  purpose  of  this  paper  to  examine  these  and 
other  problems  and  illustrate  how  they  may  be 
overcome  or  circumnavigated. 


There  are  two  types  of  intcrh  n>me!er«  that  are  in 
common  use  in  the  infrared  ami  these  are  ilbi-;  rated 
in  Figure  4-1.  Shown  on  the  left  is  the  conventional 
Mil  lie) win  two- beam  interferometer,  winch  uliline* 
division  of  amplitude  to  obtain  the  inlet  fering  l»ram*. 
Slw-wn  on  (I.,-  right  i*  the  lamellar  graimg  inter¬ 
ferometer  whieh  utilittes  Uvi«i<>n  of  wavefront  to 
<»btain  the  two  interfering  beam*.  in  either  cum-,  the 
signal  pr**lur*H»  by  the  i|c|itti(r  a<  a  function  of 
optical  |>ath  differe-nre  nisi  In*  written1 


I){x)  *f  ’  /6<r  ’  t  1  4-  ro*  '.  *sr«r.ri  «/ff.  <4-I> 
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Figure  4-1.  The  Miehelson  and  Lamellar  Grating  Inter¬ 
ferometers 


where  B(a)  is  the  spectral  distribution  of  poly¬ 
chromatic  radiation  extending  from  d\  to  <r2  cm-1, 
and  x  is  the  optical  path  difference.  The  mathematical 
operations  reouired  to  recover  B(a)  from  D(x)  involve 
a  Fourier  transformation  which  is  discussed  in  detail 
in  Chapters  6  and  S. 

4-2  THE  DYNAMIC  RANGE  PROBLEM 

Shown  in  Figure  4-2  is  a  simple  model  of  an  ab¬ 
sorption  spectrum.  The  spectrum  extends  from  <T\  to 
<r2  cm-1  and  consists  of  triangularly  shaped  lines 
equally  spaced  in  wavenumber  units.  The  absorption 
lines  remove  approximately  4  percent  of  the  radiation 
between  ffi  and(r2. 
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Figure  4-2.  A  Spectrum  of  Equally  Spaced,  Triangularly 
Shaped  Absorption  Lines 


Shown  in  Figure  4-3  are  two  interferograms.  The 
top  one  (A)  is  the  interferogram  of  the  spectrum  with 
no  absorption  lines,  and  the  lower  one  (B)  is  the 
interferogram  with  the  absorption  lines.  The  features, 
called  signatures,  located  at  (Atr)-1  intervals  in  the  B 
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Figure  4-3.  Interferograms  of  Spectrum  Shown  in  Figure 
4-2,  Without  (A)  and  With  (B)  the  Absorption  Lines  Present 


interferogram  are  due  to  the  absorption  lines.  The 
first  signature  is  somewhat  less  than  1/25  (that  is, 
~4  percent)  of  the  central  maximum  at  x-  0,  and 
although  it  is  not  obvious  from  the  figure,  the  central 
maximum  of  the  B  interferogram  is  about  4  percent 
smaller  than  the  central  maximum  in  the  A  inter¬ 
ferogram.  Comparison  of  these  two  interferograms 
illustrates  the  dynamic  range  problem.  Most  of  the 
information  about  the  absorption  lines  is  contained  in 
the  regions  around  the  signatures.  The  features  are 
quite  small  in  comparison  with  the  central  maximum 
and  become  smaller  as  a  function  of  optical  path 
difference.  Later  it  will  be  shown  that  the  decreasing 
amplitude  of  the  signatures  is  due  to  the  finite  width 
of  the  lines.  Now  suppose  the  detection  and  amplifica¬ 
tion  system  of  the  interferometer  has  a  dynamic  range 
of  1000,  that  is,  it  can  discriminate  between  1000  gray 
levels.  If  the  central  maximum  is  made  equal  to 
1000  units,  then  the  first  signature  would  be  less  than 
40  units  variation  about  a  500  unit  constant  level. 
This  is  an  undesirable  situation,  since  at  best  only 
4  percent  of  the  dynamic  range  capability  is  being 
used  to  measure  the  important  information  about  the 
absorbing  sample. 

The  example  considered  above  represents  not  a 
worst  case,  but  rather  a  best  case  as  far  as  the  dynamic 
range  problem  is  concerned.  The  absorption  line 
positions  in  the  example  spectrum  (Figure  4-1)  are 
related  harmonically.  That  is,  the  it/th  line  is  at  M<r0, 
then  the  (M+ 1)  iine  is  at  (M+l)cr0.  Each  line  will 
subtract  (absorption  process)  a  cosine  varying  incre¬ 
ment  from  the  interferogram  and  the  arguments  of  the 
cosine  terms  are  related  harmonically.  In  the  neigh¬ 
borhood  of  x  -  M (Act) ~ 1  (M  an  integer),  the  cosine 
arguments  will  be  integer  multiples  of  27r  and  a  large 
variation  in  the  interferogram  will  be  seen.  Now  if  the 
line  positions  are  not  harmonically  or  near  har¬ 
monically  related  there  will  be,  in  general,  no  signa¬ 
tures  and  the  effect  of  the  cosine  terms  (one  for  each 
iine)  will  bo  spread  throughout  the  interferogram  and 
not  localized.  In  gene-al  then,  the  variation  of  the 
interferogram  about  its  average  value  will  be  much 
reduced  (but  spread  out  through  more  of  the  inter¬ 
ferogram)  and  the  dynamic  range  problem  will  be 
much  more  severe. 
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The  problem  may  be  examined  from  the  funda-  r  percent  of  the  total  B(a).  then  the  central  maxima 
mental  formula  of  Fourier  spectroscopy:  will  be  reduced  by  r  percent.  Since  this  is  t he  largest 

value  each  of  these  terms  may  take  for  any  x.  it 
follows  that  the  variation  of  the  interfcrogram  due  to 
the  absorption  lines  cannot  be  larger,  and  in  general 
D(x)  =  5(<r)(l+cos  2  to)  da.  (4-2)  will  be  much  smaller,  than  r  ]>ercent. 

■'•t  When  wave  number  measurements  are  to  be  made 

in  absorption  spectra,  narrow  or  sharp  lines  are 
desirable  so  that  their  centers  may  be  located  ac- 
Now  for  absorption  spectra  B(a)  may  be  expressed,  curately.  Sharp  lines  mean  small  absorption  and  thus 

small  variation  of  the  interfcrogram  about  its  average 
value  away  from  x  =  0,  and  the  detection  of  these 
variations  will  then  require  large  dynamic  range. 

B(a)  =  Bo(a)  exp  [ — fc(<r)f],  (4-3)  Equation  (4-5)  suggests  a  partial  solution  to  the 

dynamic  range  problem.  The  first  integral  is  the  source 
interferogram  with  no  absorption,  and  is  very  large, 
in  general,  in  comparison  to  the  second  term.  Therc- 
where  Bn(a)  is  the  spectral  distribution  of  poly-  fore,  if  we  can  subtract  off  the  source  interferogram 

chromatic  radiation  with  no  absorbing  sample  present,  at  the  detection  stage  and  amplify  the  remaining 

k(a)  is  the  absorption  coefficient  and  l  is  the  absorbing  term  only,  much  of  the  dynamic  range  problem  will 

path.  Expanding  the  exponential  in  a  power  series  be  alleviated. 

4-3  INSTRUMENTATION  FOR  A  DOUBLE-BEAM  DIF¬ 
FERENCING  INTERFEROMETER 

(4-4)  An  optical  solution  to  this  problem  is  a  double¬ 

beam  differencing  interferometer.2  Essentially  it 
operates  on  the  principle  of  looking  alternately  at  a 
reference  and  a  sample  beam.  If  the  beams  are  well 
matched  and  there  is  no  absorbing  sample  present  in 
the  sample  beam,  then  the  detector  will  see  essentially 
a  DC  signal  which  will  not  be  amplified  by  an  AC 
amplifier.  Absorption  in  the  sample  beam  will  lead 
to  an  imbalance  and  thus  an  AC  signal  which  will  be 
amplified  by  the  AC  amplifier. 

The  optical  diagram  of  an  interferometer  of  the 
lamellar  grating  type,  which  can  be  operated  in  a 
double-beam  differencing  mode,  is  shown  in  Figure  4-4. 


The  first  integral  is  the  interferogram  of  the  source 
spectrum  with  no  absorption.  The  second  integral 
must  therefore  be  the  modification  of  the  source 
interferogram  due  to  absorption.  Evaluation  of  this 
equation  at  x=0  will  give  an  estimate  of  the  magni¬ 
tudes  of  these  two  terms; 
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The  first  term  is  the  height  of  the  central  maximum 
with  no  absorption,  and  therefore  the  second  term  is 
the  reduction  of  the  central  maximum  when  absorp¬ 
tion  is  present.  If  all  the  absorption  lines  absorb 


Figure  4-4.  Optical  Diagram  of  a  Double-beam  Differencing, 

Lamellar  Grating  Interferometer 


Two  beams  are  caught  and  focused  by  ellipsoidal 
mirrors  M|  and  M2-  The  top  or  sample  beam  is 
folded  by  flats  M-t  and  Ms-  The  focus  for  this  beam 
is  between  M5  and  Mg.  the  chopper.  The  lower 
beam,  the  reference  beam,  is  focused  on  flat  M3  which 
folds  the  beam  up  to  the  chopper,  Me-  When  the 
chopper  is  rotated,  the  sample  and  reference  beams 
are  alternately  passed  (sample  beam)  or  reflected 
(reference  beam)  to  the  spherical  mirror  M7.  The 
rest  of  the  optics  are  fairly  straightforward  and  will 
not  be  discussed  lurther  here.2  Shown  in  Figure  4-5 


Figure  -1-5.  A  Lamellar  Grating  of  Aluminum  Construction. 
The  useful  area  of  the  grating  is  ~30.5  cmX32.8  cm 


is  a  photograph  of  the  lamellar  grating  now  used  in 
this  instrument.  It  is  made  of  aluminum,  while  the 
previous  lamellar  grating  was  made  of  pyrex  glass. 

As  an  example,  the  interferogram  of  the  pure 
rotational  spectrum  of  CO  was  examined  in  the  double 
and  single  beam  mode  of  operation.  Carbon  monoxide 
was  selected  since  it  is  a  diatomic  molecule  and 
therefore  its  rotational  spectrum  will  consist  of  very 
nearly  equally  spaced  lines.  Thus  CO  will  exhibit 
signatures  in  its  pure  rotational  interferogram. 

Shown  in  Figure  4-(i  are  the  first,  fifth  and  tenth 
signatures  of  CO,  single  and  double  beam,  for  an 
absorbing  path  of  15  cm  at  a  pressure  of  7N0  torr. 
The  top  curves  were  run  at  an  amplification  of  ~20 
times  that  of  the  lower  curves.  The  information  in 
the  upper  curves  is  of  course  present  in  the  lower 
curves.  To  extract  the  information  from  the  single 
beam  run  would  however  require  a  vastly  larger 
dynamic  range  than  is  necessary  for  the  double-beam 
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Figure  4-6.  Single  and  Double-beam  Signatures  (the 
1st,  5th,  and  10th)  from  the  Pure  Rotational  Interferogram 
of  CO.  L  “  15  cm,  P  *■  780  cm 


4-4  PROBLEMS  IN  DOUBLE-BEAM  DIFFERENCING 

Double-beam  differencing  presents  some  problems. 
Shown  in  Figure  4-7  is  a  double-beam  interferogram, 


Figure  4-7.  Ttie  Region  About  the  Origin  (z-0),  Double 
Beam.  The  instrument  is  misaligned  and  the  spectral  dis¬ 
tribution  of  energy  in  the  reference  and  sample  beams  are  not 
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about  x— 0  when  there  is  misalignment  of  the  instru¬ 
ment  and  unequal  filtering.  If  the  beams  had  been 
matched  perfectly,  the  curve  should  be  a  straight  line 
having  the  value  zero  for  all  x.  In  Figure  4-7,  the 
region  R  (above  the  zero)  is  where  the  reference  beam 
is  stronger  than  the  sample  beam,  the  region  S  (below 
the  zero)  is  where  the  sample  beam  is  stronger  than 
the  reference  beam.  The  interferogram  is  not  sym¬ 
metrical  about  zero,  as  it  should  be,  and  thus  mis¬ 
alignment  of  the  instrument  is  indicated.  Shown  in 
Figure  4-S  is  a  double-beam  interferogram  about  the 
origin  with  the  misalignment  largely  corrected,  but 
there  is  still  some  imbalance  between  the  beams.  The 
curve  is  now  very  symmetrical  about  the  origin, 
indicating  the  alignment  is  now  very  good.  There  is 
residual  imbalance,  due  mainly  to  a  slightly  different 
spectral  distribution  of  radiation  in  the  beams.  The 
matching  is  really  quite  good,  in  that  if  a  single-beam 
interferogram  were  run  at  the  same  amplification,  its 
central  maximum  (peak  to  minimum)  would  be  ~100 
times  larger  than  the  maximum  to  minimum  of  the 
curve  shown  in  Figure  4-8.  Unbalanced  beams  and 


Figure  4-8,  The  Region  About  the  Origin  (*«0), 
Double  Beam.  The  misalignment  is  now  largely  corrected, 
but  the  spectral  distribution  of  energy  in  the  reference  and 
sample  beams  are  not  equal 


misalignment  are  most  apparent  in  the  neighborhood 
of  the  origin  (x  =  0).  When  x  is  greater  than  a  few 
hundred  microns,  the  imbalance  is  not  detectable  even 
at  the  highest  usable  amplification  (that  is,  to  within 
the  overall  noise  level  of  the  system). 

One  of  the  reasons  for  the  spectral  imbalance 
between  the  two  beams  is  the  envelope  of  the  high 
pressure  mercury  arc  lamp.  The  quartz  envelopes  of 
these  lamps  are  uniform  enough  to  produce  channel 
spectra  in  the  far  infrared,  but  not  uniform  enough  to 
produce  equal  channel  spectra  from  all  parts  of  the 
arc  envelope.  The  two  beams  of  the  instrumentation 
described  here  pass  through  different  parts  of  the 
quartz  envelope.  Exact  cancellation  in  double  beam¬ 
ing  is  not  achieved  and  is  in  part  responsible  for  the 
spectral  imbalance. 

The  mercury  arcs  used  are  also  unstable.  Fluctua¬ 
tions  in  arc  intensity  are  small,  but  not  negligible, 
and  spatial  movements  of  the  arc  on  the  electrodes 
occur.  In  single  beam  operation,  they  appear  quite 
small  (<£  percent  of  the  total  signal)  but  their 
behavior  is  quite  noticeable  in  double-beam  operation, 
and  we  believe  that  these  fluctuations  are  responsible 
for  more  noise  in  the  derived  spectrum  than  the 
detector  noise.  This  problem  was  partially  solved  by 
using  a  bare  tungsten  filament  (geometry  is  a  coiled 
coil)  as  a  source.  The  stability  (long  and  short  term) 
can  be  made  very  high,  and  since  the  source  is 
operated  in  vacuum,  the  envelope  can  be  removed 
eliminating  this  source  of  channel  spectra.  When  this 
lamp  is  operated  at  a  color  temperature  of  ~2700°  K, 
it  is  superior  to  the  mercury  arc  for  <r>90cm-1, 
about  equal  in  the  region  60<(r<90cm_1  and  in¬ 
ferior  below  «t~50  to  60  cm-1. 

Finally,  note  that  a  price  is  paid  in  double-beam 
differencing  in  the  form  of  information  lost.  The 
difference  between  a  reference  interferogram  and  a 
sample  interferogram  is  measured  interferometrically. 
The  difference  between  the  reference  spectrum  and 
the  sample  spectrum  (which  looks  like  an  emission 
spectrum)  is  obtained  spectrally.  The  information 
lost  is  the  100  percent  absorbing  curve,  that  is,  where 
a  100  percent  absorbing  line  would  go  as  a  function 
of  <j.  Ideally,  subsequent  and/or  previous  single-beam 
source  runs  (which  in  general  would  be  quite  short 
since  the  interferogram  is  essentially  flat  after  a  few 
millimeters  of  optical  path  difference  has  been  at¬ 
tained)  would  provide  such  a  curve  if  the  change  in 
amplification  is  accurately  known.  Although  this 
possibility  has  not  been  discussed  to  any  great 
extent,  it  appears  that  in  practice,  the  double-beam 
spectra  cannot  be  matched  very  precisely  with  the 
single-beam  spectrum,  and  therefore,  accurate  in¬ 
tensity  measurements  cannot  be  made. 


4-5  GENERAL  PROBLEMS 

Now  consider  some  problems  encountered  with  the 
instrumentation  discussed  that  are  not  peculiar  to 
double-beam  differencing.  The  problem  of  phase 
errors  is  considered  first.  An  ideal  interferometer 
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gives  D(x)  as, 


D(x)  -I’1  /?(<r)(l+cos  2irax)  da.  (4-7) 
/»■ 

In  practice,  interferometers  are  never  ideal  and  what 
is  obtained  may  be  written  as, 


Dx(x)  =  B(<r)[l+cos  {2  irxa+<p(a)}]  da,  (4-8) 

/or, 

where  <f(a)  is  the  phase  error.  In  practice,  <?(<r)  may 
be  determined  experimentally  from  a  short  two-sided 
interferogram.  The  prescription  is  given  by  Forman 
et  a!.3  and  can  be  determined  quite  easily.  A  some¬ 
what  poor  result  is  shown  in  Figure  4-9.  The  open 
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Figure  4-9.  The  Phase  Error  of  an  Interferogram 


circles  are  the  experimental  points.  From  the  scatter 
of  the  points  it  is  apparent  only  a  straight  line  fit  is 
required.  The  equation  of  the  least-squares  fitted 
straight  line  is  given  at  the  top  of  the  figure.  At 
written  on  the  second  line,  the  constant  multiplying 
2ra  is  2.1  pm  and  is  the  error  made  in  locating  the 
point  x =0  in  the  interferogram.  Typically  this  point 
can  be  located  somewhat  more  accurately.  The 
constant  term  represents  a  constant  phase  change  and 
its  cause  is  not  well  understood.  It  is  fairly  small  and 
can  be  corrected  quite  easily. 

Another  problem  is  that  the  average  value  of  the 
interferogram  away  from  x  =  0  does  not  have  a 
constant  value  as  a  function  of  x.  This  is  illustrated 
in  Figure  4-10,  where  75(x)  is  plotted  as  a  function  of 
/.  This  is  caused  by  the  shadowing  that  takes  place 
in  the  lamellar  grating.  Such  a  long  term  drift  will 
introduce  spurious  fluctuations  of  intensity  in  the 
very  low  wavenumber  region,  since  a  long  term  drift 
of  this  type  corresponds  largely  to  low  frequency 
Fourier  components.  This  type  of  drift  will  also 
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Figure  4-10.  Typical  Drift  of  the  Average  Value  of  an 
Inter'erogram  as  a  Function  of  Optical  Path  Difference 


broaden  spectral  lines  in  any  region  of  the  spectra  and 
correction  should  be  applied  when  line  shape  measure¬ 
ments  are  made. 

In  molecular  spectroscopy,  the  wavenumber 
position  of  the  absorption  lines  yields  information  con¬ 
cerning  the  geometric  and  dynamic  structural  param¬ 
eters  of  the  molecule  being  studied.  Thus,  one  of  the 
more  important  measurements  is  the  absolute  position 
of  absorption  lines.  One  of  the  pure  rotational  lines 
in  the  spectrum  of  CO  as  determined  from  a  double¬ 
beam  interferogram  is  shown  in  Figure  4-11.  The 
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Figure  4-11.  The  y  “  17< — 16  Pure  Rotational  Line  of 
CO  Derived  From  an  Interferogram  Obtained  with  a 
Pressure  of  608  torr,  an  Absorbing  Path  of  15.2  cm,  at 
Room  Temperature.  The  maximum  optical  path  difference 
attained  was  8.7  cm 
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absorbing  path  of  the  gas  sample  was  15.2  cm  and  the 
pressure  was  60S  torr.  The  open  circles  are  the  output 
intensity  points  'absorption  goes  up)  from  the  com¬ 
puter  printout.  The  line  is  very  symmetric.  In  order 
to  examine  the  symmetry  more  closely,  the  first 
derivative  of  this  curve  is  also  shown  (solid  circles, 
scale  to  the  right).  If  the  line  were  perfectly  sym¬ 
metric,  the  maximum  of  the  first  derivative  should  be 
equal  numerically  to  the  minimum  of  the  first  deriva¬ 
tive,  but  of  opposite  sign.  In  Figure  4-11,  twice  the 
standard  derivation  of  the  noise  Sm  (right)  and  the 
full  width  at  half  maximum  intensity  of  the  scanning 
function  of  an  ideal  tw’o-beam  interferometer  are 
shown. 

Typical  results  from  good  spectra  from  the  in¬ 
strument  (that  is,  when  the  phase  errors  are  small) 
have  the  maximum  and  minimum  of  the  first  deriva¬ 
tive  curve  of  the  line  shape  differing  by  only  a  few 
percent.  Also,  the  maximum  and  the  minimum  of  the 
first  derivative  curve  should  be  equally  spaced  about 
the  center  of  the  line.  A  typical  set  of  data  is  shown 
in  Table  4-1. 


Table  4-1.  Location  of  the  First  Derivative  Extrema 
Relative  to  the  Line  Centers  for  the  Pure  Rotational  Lines 
of  CO* 


Jit 

(A  <td)- 

(A<r  D)+ 

[(Afffl)_-(Ai7,i))+]  =  i 

6 

0.0477 

0.0441 

+0.0036 

7 

0.0498 

0.0562 

-0.0064 

8 

0.0570 

0.0539 

+0.0031 

9 

0.0649 

0.0618 

+0.0031 

10 

0.0590 

0.0593 

-0.0003 

11 

0.0649 

0.0669 

-0.0020 

12 

0.0593 

0.0567 

+0.0026 

13 

0.0611 

0.0625 

-0.0015 

14 

0.0615 

0.0589 

+0.0026 

15 

0.0599 

0.0603 

-0.0004 

16 

0.0531 

0.0550 

-0.0019 

17 

0.0502 

0.0526 

-0.0024 

18 

0.0539 

0.0525 

+0.0014 

19 

0.0496 

0.0471 

+0.0025 

20 

0.0516 

0.0527 

-0.0011 

*  The  Absorbing  path  length  waa  15  em  and  the  preieure  waa  808  tort. 
t  Ji  la  the  total  angular  momentum  quantum  number  of  the  lower  alate 
of  the  tranaition,  Tha  quantity  (A«o)~  >»  the  wavenumber  diatance  from 
the  Brat  derivative  maximum  to  the  iine  center  and  <A»j>)+  i«  the  wave- 
number  distance  from  the  line  center  to  the  tirat  darivativa  minimum. 


The  root-mean-square  v.'lue  of  the  is  is  2.8X10-3 
cm-1.  This  number  is  considered  to  be  typical  of  the 
accuracy  to  which  line  centers  of  well  defined  isolated 
lines  can  be  located.  Absolute  accuracy  is  discussed 
next. 

The  rotational  constants  of  CO  have  been  very 
accurately  determined  from  careful  microwave4  and 
near  infrared8  studies.  It  is  possible  to  predict  the 
pure  rotational  spectrum  lines  of  CO  to  better  than 


3X10_4em_1  or  about  ten  times  better  than  ex¬ 
pected.  The  pure  rotational  spectrum  of  CO  was 
examined  under  conditions  of  high  resolution  over 
twenty  times.  Figure  4-12  shows  a  comparison 


Figure  4-12.  The  difference  A,  Between  the  Calculated 
and  Measured  Pure  Rotational  Line  Positions  for  CO.  The 
open  circles  are  the  differences  Cr  the  J  *»5*— 4  through  the 
J  —  24«—  23  transitions.  The  curve  is  A=»(0.31  <r “') 


between  the  far  infrared  observed,  and  the  calculated 
positions  (from  microwave  and  near  infrared  data)  of 
the  pure  rotational  lines  of  CO.  Plotted  as  a  function 
of  a  is  the  difference  <r<*\c  (from  near  infrared  and 
microwave  data)—  <rm  (measured,  far  infrared)  for 
twenty  pure  rotational  lines  of  CO  observed  in  the 
region  20  to  90  cm-1.  The  curve,  which  fits  the  points 
to  better  than  ±3X10-3  cm’1,  is  shown  as  the  solid 
curve  and  is  of  the  form/(<r)«tr-1.  A  correction  curve 
of  this  form  is  peculiar  for  spectra  measured  inter- 
ferometricallv.  The  types  of  errors  usually  made  in 
interferometric  measurements  are  reflected  in  errors 
and  distortions  in  the  spectra  which  become  larger  as 
<f  becomes  larger.  This  wavenumber  correction  curve 
has  exactly  the  opposite  behavior.  The  correction  is 
largest  for  small  wavenumbers,  becoming  smaller  for 
larger  wavenumbers. 

Such  a  correction  curve  can  be  understood  if  it  is 
assumed  that  the  lamellar  grating  acts  as  a  waveguide. 
Kven  though  the  waveguide  walls  are  pvrex  glass,  the* 
reflectivity  of  this  material  (at  the  angles  of  incidence 
the  far  infrared  radiation  would  encounter  .  the 
lamellar  grating)  is  probably  high  enough  so  that  the 
cavities  formed  by  the  two  sets  of  facets  act  like 
waveguides.  The  phase  velocity  of  the  electromag¬ 
netic  wuve  inside  the  lamellar  grating  will  de|>end  on 
the  sp.,  dug  of  the  facets,  the  polarisation  of  the  electric 
field  vector  and  the  wavelength  of  the  radiation. 
When  this  is  taken  into  account,  there  will  be  an 
apparent  wuvenumber  shift  of  measured  lines  and  the 
shift  will  be  proportional  to  tr~ 1 .  There  will  also  be 
an  apparent  broadening  of  the  s|>ectrnl  lines,  and  if 
line  shape  measurements  are  to  be  made,  a  correction 
should  be  applied. 
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4-6  TYPICAL  RESULTS 

The  raw  data  of  a  two-beam  interferometer  ar. 
called  an  interferogram.  As  mentioned  previously,  the 
interferograrn  is  related  to  the  spectrum  by  a  Fourier 
transformation.  A  few  interferograms  (simple  and 
complicated)  will  be  considered  in  this  section.  Real 
time  information  on  the  progress  of  the  interfero¬ 
metric  measurements,  and  therefore  also  on  the 
spectroscopic  measurements  can  be  obtained. 

Portions  of  a  double-beam  interferogram  of  CO 
obtained  in  a  ~lo  cm  cell  at  a  pressure  of  202  torr  are 
shown  in  Figure  4-13.  Qualitative  interpretation  of 
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Figure  4-13.  Portions  of  the  Pure  Rotational  Interfere* 

gruiu  of  t'O 


the  interferogram  is  straightforward  ami  a  number  of 
observations  can  be  made  directly  concerning  the 
spectrum  from  the  interferogram.  Since  t'O  is  a 
diatomic  molecule,  its  sjieetrum  will  consist  of  nearly 
equally  spared  lines,  Kqnally  spaced  lines  in  the 
spectrum  lead  to  equally  spaced  features  in  the  inter¬ 
ferogram,  as  seen  previously.  The  signatures  are 
easily  seen  in  the  interferogram.  Signatures  are  not 
uniform  in  shape,  but  rather  are  distorting  its  one  goes 
to  larger  optical  path  differences.  This  hnp|>eiis 
because  the  lines  in  the  CO  spectrum  are  not  exactly 
equally  spaced  .  rather  converge  slightly  its  a  func¬ 
tion  of  rotational  quantum  number.  (This  in  turn  is 
due  to  the  nourigidity  of  the  molecule.)  The  signa¬ 
tures  are  decreasing  in  amplitude  us  a  function  of 


optical  path  difference,  over  and  above  the  apparent 
loss  in  amplitude  due  to  the  distortion  of  the  signa¬ 
tures.  This  is  due  to  the  finite  width  of  the  lines  and 
wiii  be  discussed  in  more  detail  later.  There  is  an 
extra  signature  at  x~4  mm  due  to  the  channel  spec¬ 
trum  of  the  lamp  envelope  of  he  source,  previously 
mentioned. 

Figure  4-14  shows  the  spectrum  derived  from  this 
interferogram  in  the  region  <r  =  20  to  86  cm-1.  The 
CO  lines  are  the  strong  lines  located  ~3.8  cm-1  apart. 


Figure  4-14.  The  Pure  Rotational  Spectrum  of  CO 
Between  20  and  86  cm-1 


The  weaker  lines  are  water  vapor  lines.  The  H2O 
molecule  is  a  very  strong  absorber  in  the  far  infrared 
and  its  presence  in  evrn  very  small  quantities  will  be 
reflected  in  the  spectrum  by  the  presence  of  its 
strongest  lines.  The  cosinusoidal  variation  of  the  base 
line,  especially  prominent  at  low  wavenumbers,  is  the 
channel  s[)cctrum  of  the  quart*  envelope  of  the  high 
pressur  mercury  source  lamp.  Absorption  in  the 
figure  goes  up,  but  since  the  double-beam  differencing 
mode  of  operation  gives  no  information  about  the  100 
percent  absorbing  curve,  comparison  of  the  intensity 
of  lines  in  widely  separated  wavenumber  regions 
could  be  erroneous. 

Figure  4-15  shows  a  portion  of  the  far  infrared 
double-beam  interferogram  of  nitric  oxide.0  This 
interferogram  is  somewhat  more  complicated  than 
the  CO  interferogram.  First,  there  are  actually  two 
sets  of  signatures  (denoted  by  the  a  and  b  sequence) 
that  are  well  resolved  interferometrically  beyond 
about  x-30  mm.  It  follows  then  that  the  spectrum 
will  consist  of  two  sets  of  almost  uniformly  spaced 
lines,  the  s|>acing  for  the  a  sequence  being  larger  than 
Hint  for  the  b  sequence.  Secondly,  the  a  sequence  is 
distorting  (smearing  out)  more  rapidly  than  the  b 
sequence.  Therefore,  the  lines  corresponding  to  the 
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Figure  4-16.  The  Pure  Rotational  Spectrum  of  NO  in 
the  Region  15  to  100  cm"1 
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Figure  4-15.  A  Portion  of  the  Pure  Rotational  Interfero- 
gram  of  NO 


a  sequence  of  signatures  will  show  a  greater  covergence 
(because  of  centrifugal  distortion  and  other  effects) 
than  the  lines  corresponding  to  2  b  sequence. 
Finally,  adjacent  signatures  in  each  set  are  inverted 
copies  of  each  other  (note,  for  instance,  the  b  signature 
at  x~39  mm  and  at  z~42  mm).  This  implies  that  the 
quantum  number  in  the  energy  level  expression  is 
nonintegral.  In  fact,  since  the  adjacent  signatures  are 
completely  inverted  with  respect  to  each  other,  it 
follows  that  the  quantum  number  J  must  be  half 
integer. 

It  is  well  known  that  the  ground  state  of  the  NO 
molecule  is  a  2t  state  which  is  split  into  2Ti/a  and 
air 3n  states  by  spin  orbit  interaction.  The  two 
states  are  separated  by  ~120  cm-1  and  thus  two  sets 
of  rotational  lines  are  expected,  one  for  each  state. 
Furthermore,  the  overall  rotational  quantum  number 
is  known  to  be  odd  multiples  of  one  half,  which  is 
directly  attributable  tn  the  odd  number  of  electrons 
in  the  NO  molecule. 

Figure  4-16  shows  the  spectrum  derived  from  this 
interferogram.  That  there  are  two  seta  of  lines  is 
obvious  and  the  analysis  shows  that  one  sequence  of 
lines  converges  faster  than  the  other  sequence,  and 
the  rotational  quantum  number  J  must  be  half 
integral. 

Figure  4-17  shows  a  very  complicated  interferogram 
of  water  vapor  in  a  15  cm  cell  at  a  pressure  of  10 
torr.  The  interpretation  of  individual  features  seems 
hopeless,  however,  the  overall  behavior  of  the  inter¬ 
ferogram  does  provide  valuable  information  for 
interpreting  the  derived  spectrum. 
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Figure  4-17.  The  Pure  Rotational  Interferogram  of 
Water  Vapor 


Figure  4-18  shows  the  spectrum  derived  from  this 
interferogram.  It  is  the  pure  rotational  spectrum  of 
the  HjO  molecule  between  15  and  125  cm-'.  The 
water  vapor  molecule  is  a  very  asymmetric  top,  and 
thus  is  expected  to  have  a  very  complicated  pure 
rotational  spectrum,  hatch  line  in  this  spectrum  has 
been  identified  with  a  pure  rotational  transition  and 
the  analysis  of  this  spectrum  has  led  to  very  accurate 
rotational  constants  of  the  H*0  molecule. T-* 
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Figure  4-18.  The  Pure  Rotational  Spectrum  of  Water 
Vapor  Between  5  and  125  cm-1 


4-7  FINITE  WIDTH  OF  LINES 

The  scanning  function  of  a  spectroscopic  instru¬ 
ment  may  be  thought  of  as  the  output  spectrum  when 
an  infinitely  narrow  line  (5  function)  is  the  input  spec¬ 
trum.  For  an  ideal  two-beam  interferometer,  the 
interferogram  of  an  infinitely  narrow  line  will  be  a 
cosine  curve  of  constant  amplitude  as  a  function  of 
optical  path  difference.  The  output  spectrum  from  an 
interferogram  which  is  a  cosine  curve,  truncated  at 
x  =  L,  is  shown  in  Figure  4-19  and  is  the  scanning 
function  of  an  ideal  two-beam  interferometer.  The 
curve  is  the  familiar  sine  function  centered  about  <r0, 
the  position  of  the  6  function  line  input  spectrum. 
The  wavenumber  scale  is  in  units  of  ( L)~\  where  L 
is  the  maximum  optical  path  difference  attained  in  the 
interferogram.  If  all  lines  looked  like  this,  Fourier 
spect :  oscopy  would  lose  much  of  its  attractiveness. 
In  particular,  increasing  L  will  bring  the  extraneous 
sidelobes  in  closer  to  the  line  at  <r0.  but  the  intensity 
ratio  of  the  sidelobe  intensity  to  the  main  line 
intensity  would  remain  constant.  The  confusion  that 
could  result  from  two  or  more  closely  spaced  lines  is 
not  difficult  to  imagine. 

The  more  physical  situation  of  lines  with  finite 
widths  is  not  as  serious,  providing  the  interferogram 
can  be  measured  to  where  the  width  of  the  line  is 
comparable  to  the  resolution  attained.  Figure  4-20 
shows  the  familiar  Istrcntz  line  shape.  The  curve  has 
its  maximum  value  at  <r=<r„  (arbitrarily  normalized 
to  unity  at<r,i)  and  « is  the  half  width  at  half-maximum 
intensity. 

The  interferogram  such  a  line  would  present  is 
shown  in  Figure  4-21.  The  interferogram  is  a  damped 
cosine  curve,  and  in  jiarticular  for  a  I  siren  tz  line,  the 
argument  of  the  damping  ex|M*nential  function  is 
pm|tortional  to  the  product  of  the  line  width  param¬ 
eter  t  ami  the  optical  path  difference  x.  As  mentioned 
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Figure  4-19.  The  Scanning  Function  of  an  Ideal 
Tw  o-beam  Interferometer 
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Figure  4-20  The  Lorrnt*  Une  Shape,  ro  U  the  remnant 
wavenumber  and  •  U  the  half  width  at  half-maximum  intensity 
of  the  line 
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Figure  4-21.  The  Interferogram  of  a  Single  Lorentz  Line 


earlier,  the  finite  width  of  the  lines  in  the  CO  spectrum 
was  responsible  for  the  decay  in  amplitude  of  the 
signatures  in  the  interferogram. 

Obviously,  if  D(x)  shown  in  Figure  4-21  could  be 
measured  out  to  infinity  and  could  be  transformed 
properly,  the  original  Lorentz  line  would  be  back. 
Realistically,  of  course,  the  interferogram  will  be 
truncated  at  some  finite  value  of  x,  and  therefore  the 
loss  of  the  information  beyond  x  =  L  will  introduce 
some  distortion  into  the  line  shape.9  Figure  4-22 
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Figure  4-22.  LorenU  Line  Shane  u  Seen  by  mi  Ideal 
Ten >-be*ro  Interferometer.  The  solid  curve  »  the  Une  that 
would  be  obtained  if  L— • • .  The  daehed  curve  i*  the  line 
obtained  if  L— (ffc)*'.  The  inert  ebowe  the  difference 
between  the  two  line  ehapee 


shows  two  lines;  the  solid  curve  is  the  original  Lorentz 
line,  the  line  that  would  be  obtained  from  an  infinitely 
long,  noiseless  interferogram  as  shown  in  Figure  4-21. 
The  dashed  curve  is  the  line  shape  that  would  be 
obtained  if  the  interferogram  were  terminated  when 
the  product  Le  =  0.200.  The  sidelobes  are  still  quite 
apparent,  but  are  smaller  than  for  the  4  function  line. 
In  fact,  the  intensity  of  *he  sidelobes  is  now  a  function 
of  L,  the  maximum  optical  path  ditierence  attained 
in  the  interferogram.  The  inset  in  Figure  4-22  shows 
the  difference  between  the  two  line  shapes  as  a  func¬ 
tion  of  a.  The  sidelobe  intensity  is  defined  as  the 
difference  between  the  second  maximum  (atc~<rn+4« 
in  Figure  4-22)  and  the  first  minimum  (atcr~0o+l.f)€ 
in  Figure  4-22).  This  is  compared  to  the  intensity  of 
the  line  at  cr=<r0.  The  ratio  of  the  line  height  to  the 
sidelobe  height,  as  a  function  of  Lt  is  shown  in 
Figure  4-23  for  0<Le<0.9. 


Figure  4-23.  Plot  of  the  Ratio  of  Lin*  In!*n*ity 
to  Sidelobe  Intensity,  Hu,  a*  a  Function  of  Lt. 
L  i*  the  maximum  optica)  path  difference  attained  in  the 
interferogram  and  <  it  the  line  width  parameter  of  the 
LorenU  line 


For  Lt  small,  that  is.  the  resolution  of  the  intrr- 
frrogram  being  grossly  inferior  to  the  line  width 
parameter  of  the  line,  the  sidelobe  intensity  will  be 
quite  prominent.  But  as  the  product  Lt  i>*  made 
larger,  the  ratio  of  the  line  intensity  to  the  sidelobe 
intensity  increases  dramatically.  For  instance,  when 
L«— 02  the  ratio  of  line  intensity  to  sidelobe  intensity 
is  —3.4.  whereas  when  />«— O.S.  the  ratio  of  intensities 
is  —100.  By  quadrupling  the  resolution  (that  is.  L 
for  constant  «).  the  presence  of  the  sidelobes  has  been 
reduced  by  a  factor  —30. 

When  the  interferogram  ha«  to  be  terminated  Vfore 
the  sidelobe  intensity  becomes  negligible  it  will  be 
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advisable  to  artificially  broaden  the  lines  by  a  mathe¬ 
matical  operation  on  the  mterferogram  called  apodi- 
zation.  Essentially,  apodization  is  multiplying  the 
interferogram  (less  the  constant  term)  by  a  mono- 
tonically  decreasing  function  of  /.  Apodization  is 
easily  done  by  computers  and  rather  extensive 
treatments  01  this  process  exist  in  the  literature,’0  so 
the  mechanics  of  apodization  will  not  be  further 
pursued  here. 

The  above  discussion  is  strictly  quantitative  only 
for  Lorentz  shaped  lines.  (A  similar  analysis  is, 
however,  possible  for  Gaussian  shaped  lines  but  will 
not  be  discussed  here.)  In  absorption  spectroscopy 
the  Lorentz  line  shape  is  strictly  appropriate  only  to 
weakly  absorbing  lines.  However,  even  if  the  lines 
are  fairly  badly  saturated  (even  if  the  maximum 
intensity  of  absorption  ~99.5  percent),  the  line  shape 
is  still  quantitatively  Loren tzian 11  (except  that  an 
effective  half-width  parameter  is  now  defined  which 
is  in  general  larger  than  the  true  line  width  parameter). 

To  illustrate  the  difficulties  of  trying  to  interpret 
spectra  obtained  from  interferograms  with  inadequate 
resolution,  refer  to  Figure  4-17,  the  interferogram  of 
the  pure  rotational  spectrum  of  the  water  vapor 
molecule.  The  interferogram  is  marked  at  four 
points:  L4,  L3,  L2,  and  L(  corresponding  to  maximum 
resolution,  one-half  maximum  resolution,  one-fourth 
maximum  resolution,  and  one-eighth  maximum 
resolution,  respectively.  The  spectra  obtained  by 
terminating  the  interferogram  at  each  of  these  points 
are  shown  in  Figure  4-24.  The  region  between  54  and 
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81  cm"’  is  shown.  The  top  spectrum  was  obtained 
by  terminating  the  interferogram  at  Lx  while  the 
bottom  spectrum  corresponds  to  terminating  the 
int  ‘erogram  at  L4.  If  only  the  Li  interferogram 
spectrum  were  available,  it  might  be  possible  to  claim 
that  there  is  a  line  between  the  stronger  lines  at  59 
and  60  cm"1,  and  two  lines  between  the  stronger  lines 
at  62  and  64  cm"1.  The  situation  is  only  slightly 
better  in  the  Lj  interferogram  spectrum.  Most  of  the 
sidelobes  are  of  smaller  intensity,  but  not  completely 
so.  Now  the  single  line  between  the  68  and  69  cm"1 
lines  has  been  resolved  into  three  lines,  two  of  which 
have  larger  intensities  than  the  original  single  line. 
The  L3  interferogram  spectrum  does  show  marked 
improvement,  but  some  sidelobes  are  still  obvious 
between  the  59  and  60  cm-1  lines.  The  L4  inter¬ 
ferogram  spectrum  appears  to  be  free  of  sidelobes. 
There  was  still  some  information  in  the  interferogram 
between  L3  and  L4  as  the  single  line  at  60  cm-  is 
now  split  into  a  doublet. 

Speaking  with  all  the  wisdom  and  authority  that 
hindsight  provides,  it  is  quite  obvious  that  if  the  Lt 
or  Lj  interferogram  spectra  were  the  best  one  could 
do,  severe  apodization  should  be  applied.  The  L3 
interferogram  spectrum  is  much  better,  but  its 
interferogram  too  should  have  been  apodized  (perhaps 
more  gently)  since  the  sidelobes  are  still  apparent, 
and  for  closely  spaced  lines  the  overlapping  sidelobes 
could  lead  to  inaccurate  location  of  the  line  center. 
The  L*  interferogram  spectrum  appears  to  be  free 
from  sidelobes  and  thus  apodization  is  not  required. 

As  mentioned  above,  this  is  hindsight,  and  of  no 
particular  use  while  obtaining  the  data,  that  is,  the 
interferogram.  Consider  two  possible  solutions.  The 
first  and  best  is  to  have  a  small  dedicated  computer, 
or  access  to  a  large  general  purpose  computer  with 
time-sharing  capabilities  so  that  near  real-time 
transformation  of  the  interferometric  data  can  be 
accomplished.  This  solution  is  bound  to  be  somewhat 
expensive.  Another,  and  less  expensive  way,  is  to  try 
to  understand  the  behavior  of  the  interferogram  in  a 
quantitative  sense  as  a  function  of  optical  path 
difference  so  that  an  assessment  can  be  made  of  how 
much  more  information  can  be  obtained  by  going 
further  in  optical  path  difference,  or  of  whether  or 
not  sidelobes  are  going  to  be  a  problem. 

For  simple  spectra  showing  signatures  (that  is, 
spectre,  having  periodic  or  near  periodic  arrangements 
of  lines),  the  fall-off  of  signature  amplitude  as  a  func¬ 
tion  of  optica)  path  difference  can  be  watched  In 
general,  the  signature  amplitude  will  fall  off  faster 
than  the  effective  line  width  would  dictate  since  in 
general  the  lines  will  not  be  exactly  harmonically 
spaced. 

More  complicated  interferogram*  do  not  appear  to 
be  entirely  hopeless.  In  the  HjO  interferogram 
(Figure  4-17),  Inert*  are  no  apparent  regular  structures, 
such  as  signatures.  The  fluctuations  about  the  average 
value  of  the  interferogram  are  however  **cn  to 
decrease  as  a  function  of  optical  path  difference  *■ 
The  average  behavior  of  a  water  vapor  interferogram 
is  inwn  in  Figure  4-25  The  natural  logarithms  of  the 
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Figure  4-25.  Plot  of  the  Natural  Logarithm  of  the 
Root-mean-aquare  Deviation  of  the  Signal  in  a  Water 
Vapor  Interferogram  aa  a  Function  of  Optical  Path 
Difference 


root-mean-square  values  of  the  fluctuations  of  the 
interferograr...  that  is,  the  signal  vs  optical  path 
difference  x  are  plotted.  The  points  were  calculated 
in  the  following  way.  For  each  point,  40  values  of  the 
interferogram  centered  about  the  point  were  averaged. 
This  average  value  was  then  subtracted  from  each  of 
the  original  40  values.  The  root-mean-squ-u  e  devia¬ 
tion  was  then  calculated  from  these  40  differences  and 
its  natural  logarithm  was  plotted  as  shown  in  Figure 
4-25.  A  straight  line  was  arbitrarily  fitted  to  these 
points.  A  measure  of  the  noise  in  this  interferogram 
was  also  determined  by  measuring  40  values  of  the 
interferogram  with  the  interferometer  field  stationary 
at  a  large  value  of  x.  The  root-mean-square  deviation 
was  calculated  from  the  40  values  and  the  natural 
logarithm  of  this  value  is  shown  as  the  straight  d(  shed 
line  in  Figure  4-25.  Extrapolating  the  signal  line,  it 
intersects  the  noise  line  at  x— 11  cm.  This  is  not  a 
prescription  to  say  when  the  interferogram  should  be 
terminated,  but  only  when  the  signal  in  the  inter¬ 
ferogram  will  become  comparable  with  the  noise  in 
the  interferogram.  How  much  before  or  after  this 
point  the  interferogram  should  be  terminated  will 
depend  on  many  things,  including  the  kind  of  mea¬ 
surement  to  be  made  from  the  spectrum. 

Curves  of  this  type  are  also  useful  to  determine 
whether  apoditalion  is  required,  and  to  what  degree. 
An  estimate  of  the  noise  in  the  interferogram  leads  to 
an  estimate  of  no»e  in  the  spectrum.  The  slope  of  the 
signal  curve  at  larger  optical  path  differences  leads  to 
an  estimate  of  the  effective  line  width  parameters  for 
the  sharpest  lines  in  the  spectrum,  and  since  L  will  be 
known,  can  be  evaluated.  From  the  curve  given 
in  Figure  4-23,  the  ratio  of  line  intensity  to  sale  lobe 
intensity  may  be  obtained.  If  this  number  is  signifi¬ 
cantly  smaller  than  the  signal  to  noise  in  the  spectrum 


for  any  sharp  line,  then  any  line  rf  Laser  intensity  in 
the  near  neighborhood  of  this  line  or  lines  should  be 
viewed  with  suspicion. 

As  mentioned  previously,  mathematical  apodiza- 
tion  can  be  thought  of  as  an  artificial  way  of  broaden¬ 
ing  the  lines  so  that  the  sidelobcs  do  not  cause 
interpretation  or  measurement  difficulties.  When 
possible,  it  might  be  better  to  broaden  the  lines 
physically.  In  absorption  spectroscopy  of  gases,  the 
line  width  parameter  of  the  absorption  lines  depends 
linearly  on  the  pressure  except  at  very  low  or  very 
high  pressures.  Quantitatively,  increasing  the  pressure 
is  equivalent  to  exponentially  apodizing  the  inter¬ 
ferogram.  Broader  lines  will  also  remove  more 
radiation,  and  thus  at  lea«t  at  the  beginning  of  the 
interferogram,  the  signal  in  the  interferogram  will  be 
larger. 

The  discussion  of  simple  and  complicated  inter- 
ferograms  does  not  encompass  the  range  of  inter- 
ferograms.  There  are  also  deceptive  interferograms 
and  one  is  shown  in  Figure  4-26.  This  is  the  inter- 


Fifure  4-25.  TV  Pure  RoUUooa)  Interferogram  of  DC! 


ferograro  of  the  rotational  spectrum  of  deuterium 
chloride  (DC1).  It  is  a  diatomic  molecule  and  there¬ 
fore  it*  interfen >grom  show*  signature  structure,  and 
in  this  particular  interferogram.  one  can  follow  the 
signature*  out  to  x— 25  mm.  In  the  region  around 
x-30  mm.  then*  are  fluctuations  in  the  interferogram 
but  no  apparent  signature*.  In  the  region  around 
x— 35  mm  and  larger,  the  signatures  reappear,  some¬ 
what  more  smeared  out.  but  certainly  recognizable 
from  —35  mm  and  beyond.  Spectroscopically,  this  is 
due  to  the  fact  that  there  are  two  isotopic  specie*  of 
1X1,  1X11*  and  IX‘1,T  Each  has  its  own  pure 
rotational  spretruro  of  nearly  equally  spared  lines, 
but  the  sparing  is  slightly  smaller  for  the  DC1,T 
isotope  than  for  the  !X“I*S  isotope.  Thin  there  are 
two  sets  of  igiiaturc*  vhich  for  small  x  slow  rrsoiu- 
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tion)  arc  in  step,  but  for  larger  x  get  out  of  step  and 
destructively  interfere,  and  for  still  larger  x  get  back 
into  step,  one  lobe  displaced,  and  constructively 
interfere  again. 

The  disappearance  and  subsequent  reappearance  of 
the  signatures  is  indicative  of  at  least  some  of  the 
isotopic  splitting  of  the  pure  rotational  spectrum  of 
DC1  being  resolved,  and  indeed  in  the  transformed 
interferogram  (that  is,  the  spectrum),  an  extensive 
series  of  doublets  were  resolved.2,12  Most,  if  not  all 
of  the  doublet  structure  would  not  have  been  resolved 
if  the  interferogram  were  terminated  when  the 
signature  structure  disappeared  the  first  time. 

4-8  EDITING 

In  conventional  spectroscopy,  regions  of  little  or  no 
discrete  absorption  tell  little  about  the  molt-i..:le,  and 
these  regions  are  usually  not  examined  extensively. 
(There  are,  of  course,  exceptions.)  In  interferometry, 
a  narrow  class  of  spectra  show  the  same  behavior  '  1 
the  interferogram.13'14 

A  popular  and  accurate  method  of  determining  the 
leal  part  of  the  refractive  index  of  reasonably  trans¬ 
parent  materials  is  the  channel  spectrum  technique. 
A  plane  parallel  slab  of  the  material  to  be  investigated 
is  inserted  in  the  sample  beam.  Part  of  the  incident 
radiation  is  transmitted  directly  through  the  material 
but  some  is  internally  reflected  twice,  emerging  in  the 
same  direction  as  the  single  pass  radiation.  The 
triply  passed  radiation  suffers  a  retardation  of  2nd, 
where  n  is  the  real  part  of  the  index  of  refraction  and 
d  is  the  thickness  of  the  sample.  Constructive  inter¬ 
ference  takes  place  if  2nd  is  an  integral  number  of 
wavelengths,  and  destructive  interference  takes  place 
if  2nd  is  an  odd  number  of  half  integral  wavelengths. 
The  spectrum  produced  is  the  well  known  channel 
spectrum  which  1  as  the  shape  of  a  cosine  curve  in 
wavenumber  space  (neglecting  absorption  and 
dispersion).  The  Fourier  cosine  transform  of  the 
spectrum  can  bo  measured  interferometrically  and  the 
Fourier  cosine  transform  of  a  cosine  function  is  a  5 
function.  A  6  function  will  be  observed  only  if  the 
cosine  curve  wavenumber  space  is  infinitely  long. 
If  the  spectrum  has  finite  extent,  then  the  5  function 
will  be  distorted,  os  one  would  expect,  into  the  familiar 
sine  function.  Thus  the  interferogram  of  a  channel 
spectrum  would  be  a  sine  function  in  optical  path 
difference  space  ana  will  be  highly  localized.  The 
double  beam  interferogram  <  f  a  parallel  sided  piece  of 
fused  quartz  is  shown  in  the  upper  left  of  Figure  4-27. 
The  channel  signature,  looking  much  like  a  sine  func¬ 
tion,  is  quite  apparent  at  .r~0.8  cm.  The  spectrum 
derived  from  this  interferogram  is  shown  at  the  upper 
right  of  the  figure.  If  all  the  information  about  the 


Krone 


PftTH  DIFFERENCE, cm  a  .cnr' 

INTERFEROGRAM  SPECTRUM 


Figure  4-27.  The  Interferogram  and  Channel  Spectrum 
of  a  Plane  Parallel  Slab  of  Fuaed  Quartz  Before  and  After 
Editing 


cosine  nature  of  the  channel  spectrum  is  concentrated 
in  the  signature  at  x~0.8  cm,  and  the  fluctuations  in 
the  interferogram  outside  this  region  are  noise  or 
unimportant,  then  the  interferogram  can  be  edited  by 
replacing  the  noisy  uninformative  region  with  a 
straight  line.  The  lower  left  of  Figure  4-27  shows  the 
edited  interferogram  where  the  region  z<0.6  cm  has 
been  replaced  by  a  straight  line.  The  spectrum  derived 
from  this  interferogram  is  shown  at  the  lower  right  of 
Figure  4-27.  Cosmetically,  the  channel  spectrum 
looks  better,  and  in  fact  by  editing  the  interferogram 
in  this  manner  the  low  frequency  noise  (and  any  real 
features)  have  been  eliminated.  The  high  frequency 
noise,  of  course,  remains.  In  general,  editing  of  this 
type  would  be  bad  interferometric  practice  even  if 
wide  regions  of  the  interferogram  were  devoid  of 
information.  A  better  procedure  would  be  to  skip 
entirely  the  regions  of  no  interest  and  use  the  available 
measurement  time  in  the  region  of  interest. 


Optical  double-beam  differencing  in  Fourier  spec¬ 
troscopy  has  been  described  and  illustrated.  The 
extent  to  which  this  technique  alleviates  the  dynamic 
range  problem  has  been  discussed.  A  number  of 
double-beam  interferograms  have  been  shown,  and 
used  to  illustrate  how  „ue  behavior  of  the  interfero¬ 
gram  is  reflected  in  the  derived  spectra. 


4-9  SUMMARY 
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Abstract 


Amplitude  spectroscopy,  which  measures  the  magnitude  and>  phase  changes  in 
the  electromagnetic  wave  incident  upon  a  sample,  has  some  characteristics  that 
are  quite  different  from  those  of  power  spectroscopy,  which  measures  the  power 
level  changes  in  the  incident  wave.  The  relations  between  these  two  kinds  of 
spectroscopy  are  described  by  the  use  of  the  impulse  response  function  of  the 
sample,  as  measured  with  asymmetric  and  symmetric  interferograms.  Some 
advantages  and  disadvantages  of  amplitude  spectroscopy  are  illustrated  by 
measurements  of  the  transmission  and  reflection  of  solids  and  of  the  transmission 
of  a  gas  and  a  liquid. 


amplitude  spectroscopy — the  measurement  of  the 
amplitude  transmittance  or  reflectance  with  both  the 
magnitude  and  the  phase  determined— in  contrast  to 
the  normal  power  spectroscopy — the  measurement  of 
the  power  transmittance  or  reflectance.  For  some 
problems  the  extra  phase  information  is  of  no  value 
and  amplitude  spectroscopy  is  to  be  avoided ;  for  other 
problems  the  phase  information  may  be  the  whole 
purpose,  in  a  measurement  of  the  index  of  refraction, 
for  example,  and  then  amplitude  spectroscopy  may 
be  the  best  measurement  choice.* 


♦  A  paper  by  Chamberlain,  Gibbs,  and  Gebbie  0909)  Infrartd  Phyfict, 
9:  W,  "  Inch  appeared  after  the  preparation  of  this  paper,  describes  the  use 
of  amplitude  speotroscopy  in  detail. 


5-1  INTRODUCTION 

This  Conference  on  Fourier-transform  spectroscopy 
and  the  literature1,2  contain  a  host  of  discussions  of 
the  advantages  and  remarkable  properties  of  the 
Fourier  transform  technique.  My  purpose  is  to  de¬ 
scribe  the  use  of  this  Fourier  transform  technique 
with  a  Michelson  interferometer  in  the  asymmetric 
mode  of  operation.  This  mode  of  operation  has  been 
„  used  with  success  in  two  laboratores:  The  National 

Physi  .il  Laboratory,  Teddington,  England,  by  Geb¬ 
bie  and  Chamberlain  3-9 ;  and  at  The  Ohio  State 
University  by  Sanderson,  myself,  and  our  stu- 
ents.10"1B  24,  The  asymmetric  mode  of  operation 
provides  phase  information  so  that  we  can  achieve  an 

Preceding  page  blank 
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5-2  RELATIONSHIP  BETWEEN  A  SAMPLE’S  RESPONSE 
FUNCTION  AND  ITS  INTERFEP.OGRAM 

Lot  us  begin  our  consideration  of  amplitude  spec¬ 
troscopy  by  looking  at  a  schematic  diagram  of  a 
Michelson  interferometer  tin  t  has  been  used  in  the 
asymmetric  mode.  Figure  5  1  shows  the  instrument11 


Figure  5-1.  The  Optical  Plan  of  a  Vacuum  Far  Infrared 
Michelson  Interferometer  Used  in  the  Asymmetric  Mode  for 
Amplitude  Spectroscopy 


that  was  used  to  obtain  the  results  that  illustrate  this 
report.  You  will  note  the  following  features  of  ♦his 
particular  vacuum  far  infrared  instrument:  (1)  the 
sample  is  placed  in  one  arm  of  the  interferometer; 
(2)  samples  can  be  measured  either  in  transmission  or 
in  reflection;  (.'!)  the  arm  without  the  sample  contains 
the  movable  mirror  for  scanning  the  interferogram; 
(4)  so  that  small  samples  can  be  used,  the  radiation 
beam  is  not  collimated  in  the  interferometer  arms,  on 
the  contrary,  the  source  is  imaged  on  the  sample  in 
one  arm;  (5)  the  radiation  signal  is  chopped  in  'ie 
arm  of  the  interferometer,  and  the  backs  of  the  chopper 
blades  are  used  to  reflect  a  compensating  signal  into 
the  detector  path.  The  compensating  signal  is  ad¬ 
justed  to  reduce  the  chopped  detector  signal  to  zero 
when  the  instrument  is  measuring  a  very  large  path- 
difference  interferogram  signal. 

The  diagram  does  not  indicate  the  fact  that  the 
transmission  measurements  are  made  with  the  radia¬ 
tion  passing  only  once  through  the  sample.  The  beam 
transmitted  through  the  sample  does  not  retrace  the 
incident  beam  path,  but  returns  to  the  beam  splitter 
above  the  plane  of  the  diagram.  When  making  trans¬ 
mission  measurements,  a  corres|>onding  change  is 
made  in  the  other  arm  of  the  interferometer,  and  the 
detector  is  moved  to  receive  the  signal.  The  movable 
mirror  is  positioned  at  each  measuring  point  in  the 
interferogram  by  a  simple  micrometer  screw  that  is 
driven  by  a  stepping  motor.  The  interferogram  signal 


is  read  by  an  integrating  digital  voltmeter  while  the 
optical  path  remains  fixed  at  the  measuring  position. 
The  temperature  of  the  interferometer  is  kept  a  few 
degrees  above  ambient  temperature  by  a  thermo¬ 
statically  controlled  electric  heating  belt  wrapped 
around  the  vacuum  tanks. 

A  measurement  of  a  sample  includes  running  a 
background  interferogram  without  the  sample,  and  an 
interferogram  with  the  sample  in  place.  The  effect  of 
introducing  a  transmission  sample  into  one  arm  of  the 
interferometer  is  illustrated  in  Figure  5-2.  The  trans- 
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Figure  5-2.  The  Central  Portions  of  a  Back¬ 
ground  Interferogram,  a  Polyethylene  Sample 
interferogram,  and  a  Mylar  Sample  Interfero¬ 
gram,  to  Show  the  Displacement  and  Distortion 
of  the  Central  Structure  in  Amplitude  Spectros¬ 
copy.  The  thickness  of  the  polyethylene  was 
1.510  mm;  the  thickness  of  the  Mylar  was 
0.240  mm 


parent  polyethylene  sample  delayed  the  passage  of 
the  rndiation  through  the  sample  arm  of  the  inter¬ 
ferometer.  The  optical  path  of  the  other  arm  had  to 
be  increased  to  comj>enstttc  for  this  delay  in  order  to 
locate  the  strong  peak  of  the  “white  light  position. " 
It  is  evident  Mint  the  “white  light  position”  was 
shifted  a  distance  7)  -  («  —  1  )6,  where  n  is  the  index  of 
refraction  and  b  is  the  thickness  of  the  sample.  A 
measurement  of  the  thickness  and  the  shift  of  the 
“white  light  position"  is  thus  a  measurement  of  the 
index  »f  refraction. 
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The  interferogram  for  the  Mylar  film  shown  in 
Figure  5-2  is  distorted  into  an  asymmetric  function 
with  no  clearly  defined  “white  light  position”  due  to 
the  dispersion  of  the  sample.  Because  the  index  of 
refraction  depends  upon  the  wavelength,  all  wave 
vector  components  are  not  shifted  by  the  same  D 
value,  A  Fourier  analysis  of  the  interferogram  gives 
the  phase  <t>  for  each  wave  vector  a,  so  that  a  value  of 
D,  given  by  D=<t>/2xa,  and  an  index  of  refraction  can 
be  calculated  for  each  wave  vector. 

The  detector  signal  in  the  interferometer  is  propor¬ 
tional  to  the  time  average  of  the  square  of  the  electric 
field  vector  resulting  from  the  superposition  of  the 
waves  from  the  two  arms  of  the  interferometer.  This 
detector  signal  depends  upon  the  optical  path  differ¬ 
ence  x  between  the  arms,  and  it  consists  of  a  constant 
portion  that  is  independent  of  x  plus  an  “interference 
portion”  that  is  dependent  upon  x.  The  interferogram 
is  this  “interference  portion”  of  the  detector  signal  as 
a  function  of  the  optical  path  difference  and  has  an 
x-averaged  value  of  zero.  Thus  the  interferogram  is 
proportional  to  the  time  average  of  a  product  of  the 
electric  field  vectors  of  the  wave  from  the  sample  arm 
and  the  wave  from  the  adjustable  arm.  Placing  a 
sample  in  the  instrument  reduces  the  magnitude  of 
the  electric  field  of  the  wave  from  the  sample  arm  and 
thus  reduces  the  interferogram  proportionately.  The 
amplitude  of  each  wave  vector  component  in  the 
background  interferogram  and  in  the  sample  inter¬ 
ferogram  can  be  obtained  by  Fourier  analysis  of  the 
interferograms.  The  ratio  of  the  sample  amplitude  to 
the  background  amplitude  for  any  particular  wave 
vector  component  is,  therefore,  the  amplitude  trans¬ 
mittance  of  the  sample. 

The  ideas  expressed  above  can  be  easily  symbolized 
by 


g(<r)  =p(<r)/p0(ff),  (5-1) 


From  Eq.  (5-1)  by  Fourier  transformation,  we  find 


P(x)  =  G(x)*P0(x)  (5-2) 


with 


G(x)  -  f+x  exp  (—i2irax)g(a)  da 


and  *  representing  the  convolution  operation.  We 
see  that  the  sample  interferogram  is  the  convolution 
of  a  function  G(x)  with  the  background  interferogram. 
This  G(x)  function  is  the  impulse  response  function 
for  the  sample,  and  g(a)  is  the  spectral  response  func¬ 
tion  for  the  sample.  The  impulse  response  function  is 
the  output  function  resulting  from  an  input  impulse 
of  Dirac  {-function  shape.  These  response  functions 
are  ordinarily  considered  to  be  functions  of  time  t  and 
frequency  v,  but  the  substitutions  x-ct  and  a  =  v/e, 
with  c  the  speed  of  light,  give  us  the  optical  path  differ¬ 
ence  and  the  wavenumber  functions  without  difficulty. 
This  allows  us  to  talk,  inaccurately  of  course,  as 
though  x  were  “time”  in  a  new  scale  and  <j  a  cor¬ 
responding  “frequency.  ” 

In  order  to  obtain  a  physical  picture  for  Eq.  (5-2) 
and,  therefore,  also  for  Eq.  (5-1),  without  mathe¬ 
matical  involvement,  consider  an  electric  wave 
consisting  of  Dirac  {-shaped  impulses  separated  by 
random  time  intervals  and  having  random  signs.  Fig¬ 
ure  5-3  shows  a  diagram  of  such  a  wave  shape,  which 


in  which  po(<r)  is  the  Fourier  transform  of  the  back¬ 
ground  interferogram  Pq(x), 


_L_ 
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Po(«r)  -  J+*  exp  (i2nvx)Po[x)  dx, 


t&iuttuil  mvi.  I|«,n 


p(<r)  is  the  Fourier  transform  of  the  sample  interfero¬ 
gram  P(x),  and  g(a)  is  the  amplitude  transmittance 
of  the  sample.  The  wavenumber  functions  are  all 
complex  (po(ff)  however,  is  real  in  ideal  situations)  so 
the  amplitude  transmittance  g(a)  contains  both  the 
magnitude  and  phase  information. 


Figure  5-3.  Idealised  Wave  Form  o f  "White  light  Pulera* 
ana  an  Idealised  Sample  Response  to  Illustrate  the  Formation 
of  the  Harkground  Interferogram  the  Asymmeirie 

Mode  Interferogram  (r),  and  the  Symmetric  Mode 

Interferogram  l’.„  (x)  in  a  Mirhclaun  Interferometer 


we  will  consider  to  be  the  wave  from  the  source  in  our 
spectrometer.  The  spectral  power  of  this  source  wave 
is  uniform  over  all  frequencies,  thus  the  wave  is  a 
representation  of  white  light.  The  splitting,  shifting, 
delaying,  and  recombining  of  such  a  wave  in  the 
interferometer  would  produce  an  average  detector 
power  Po(-r)  that  has  the  shape  of  a  Dirac  6-function. 
With  a  particular  normalization  to  average  over  long 
times  x',  this  P0(. r)  interferogram  is  S(x). 

The  introduction  of  a  sample  changes  the  positive 
pulses  to  wavelets  of  the  form  G(x')  in  the  sample 
wave.  The  sample  interferogram  will  be  that  portion 
of  the  detector  power  averaged  over  a  long  time  x' 
that  arises  from  the  product  of  the  wave  6(x')  in  the 
adjustable  arm  and  the  wave  G(x')  in  the  sample 
arm.  For  a  delay  x  in  the  adjustable  arm  this  inter¬ 
ferogram  is 


P(. r)  =  J+*  G(x')  6(x'-x)  dx' 

=  G(x)*6(-x) 

=  CM- 

These  waves  and  interferograms  are  schematically 
illustrated  in  Figure  5-3.  We  see  that  the  sample 
interferogram  would  be  the  impulse  response  function 
if  the  source  wave  were  “white  light  pulses,”  and  in 
this  limiting  situation  Eq.  (5-2)  is  obviously  satisfied. 

With  this  special  source  wave,  it  is  easy  to  under¬ 
stand  the  relationship  between  the  symmetric  mode 
interferogram  and  the  asymmetric  mode  interfero- 
gram.  The  symmetric  mode  interferogram  can  be 
obtained  by  placing  a  sample  in  the  source  beam  or, 
equivalently,  insofar  its  the  detector  signal  is  con¬ 
cerned.  by  placing  identical  samples  in  each  of  the 
adjustable  and  sample  arms.  The  shifted  wave  in  the 
adjustable  arm  becomes  G(x'-x).  The  averaged 
detector  signal  is 


I +*  G(x')G(x'-x)  t/x'-G(x)*G(-x), 


and  this  is  the  symmetric  interferogram  for  oir  special 
source.  The  Fourier  transform  of  this  symmetric 
mode  interferogram  is  -  iu(a)!1.  with  u*(c) 

the  complex  conjugate  of  j/(tr).  and  this  is  the  spectral 
power  t rnit-i. lission  function. 

The  spectral  littering  of  the  detector's  nonuniform 
sensitivity,  together  with  the  filtering  in  the  instru¬ 
ment  ami  the  fact  that  tin*  source  duos  not  produce 
“white  light  pulses."  makes  the  /\,(x)  background 


interferogram  have  a  shape  that  is  not  a  Dirac 
6-function.  If  the  experimental  filtering  allows  a  wide 
band  of  frequencies  through  the  instrument,  P0(x)  is 
closely  packed  and  peaked  at  x=0  and  the  interfero¬ 
gram  P(x)  has  many  features  that  are  discernable  as 
features  of  G(x).  Regardless  of  the  form  of  P0(x), 
however,  Eqs.  (51)  and  (5-2)  allow  the  computation 
of  the  response  functions  from  the  experimental  meas¬ 
urements  for  all  frequency  components  for  which  p0(<r) 
is  not  zero.  Further  discussion  of  Eqs.  (5-1)  and  (5-2) 
are  given  by  Bell 10  and  a  terse  Appendix  to  this  report 
contains  a  note  about  these  relations. 

The  far  infrared  measurements  we  made  were  ex¬ 
tended  to  frequencies  that  were  low  enough  for  us  to 
confidently  supply  the  missing  very  low  and  zero  fre¬ 
quency  characteristics  and  thereby  reconstruct  G(x) 
as  the  inverse  Fourier  transform  of  the  g(a)  of  our 
measurements.  The  missing  high  frequencies  in  our 
measurements  give  us  a  G(x)  that  corresponds  to  a 
testing  impulse  with  a  finite  width  and  missing  high 
frequencies. 

Figures  5-4  and  55  show  examples  of  such  impulse 
response  functions  and  the  test  impulse  signal.  These 
response  functions  are  obviously  causal — no  output 
response  preceding  the  input  exciting  signal — and 
thus  the  dispersion  relations  (Kramers-Kronig  rela¬ 
tions)  * 7,1 8  must  be  satisfied  by  the  real  and  imaginary 
components  of  the  spectral  response  functions.  Fig¬ 
ures  5-4  and  55  are  presented  to  show  that  such 
functions  exist,  that  they  have  physical  meaning,  and 
because  they  simplify  the  description  of  the  behavior 
of  the  samples  and  the  measuring  and  computational 
techniques. 

From  a  descriptive  point  of  view,  G(x)  and 
G(:r)*G(— x)  are  the  idealized  asymmetric  mode  and 
symmetric  mode  interferograms  without  the  spectral 
filtering  of  the  measuring  equipment.  The  impulse 
response  functions  are  real  causa]  functions  and  are 
therefore  sometimes  easier  to  manipulate  mentally 
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Figure  54.  Impulse  Riwnonw  Function  for  the  Ordinary 
Wave  Transmitted  Through  a  lametta  of  Crystal  (Quarts. 
The  incident  excitation  wave  pulac  ia  ahown  reduced  in  mtr. 
A  nominal  iodrx  of  retraction  w  indicated  by  the  debt  of  the 
Ant  transmMon  wave  peak 


75 


Figure  5-5-  Impulse  Response  Function  for  the  Reflec¬ 
tance  From  a  Potassium  Bromide  Crystal  Surface.  The 
incident  excitation  wave  pulse  is  shown  reduced  in  size.  A 
nominal  index  of  refraction  is  indicated  by  the  size  of  the 
response  during  the  excitation 


than  the  fully  equivalent,  but  complex,  spectral  re¬ 
sponse  functions.  The  limitation  of  the  measured 
interferogram  functions  to  a  finite  length,  for  example, 
has  an  easily  visualised  effect  upon  the  measured 
impulse  response  function  and,  therefore,  an  easily 
understood  effect  upon  the  spectral  response  function. 

5-3  A  TRANSMISSION  MEASUREMENT  OF  THE  OP¬ 
TICAL  CONSTANTS  OF  «  SOLID 

Many  of  the  properties  of  amplitude  spectroscopy 
are  found  in  the  measurement  of  a  plane,  parallel 
faced,  solid  plate  sample.  The  measurement  of  such  a 
lamella  of  crystal  quarts  by  Russell  and  Bell  '*  will  be 
used  here  as  an  illustration  of  the  technique.  (The  full 
details  of  the  measurement  are  explained  in  the 
Russell  and  Bell  article.)  This  example  ail  I  also  serve 
for  a  comparison  of  amplitude  speetrosoopy,  in  which 
the  measuring  instrument  is  responsive  to  G(x)  and/or 
g(v),  with  power  spectroscopy,  in  which  the  measuring 
instrument  is  responsive  to  G(x)*G(-x)  and/or 

If  Ml* 

The  impulse  response  function  shown  in  Figure  5-4 
was  measured  for  a  Y-cut  sample  of  crystal  quarts, 
76.6±0.3p  thick,  with  a  polariter  oriented  so  that  the 
ordinary  wave  produced  both  the  sample  and  the 
background  interferograms.  The  independent  vari¬ 
able  has  been  relabeled  in  the  figure  as  time  in  pico¬ 
seconds,  rather  than  optical  path  difference,  to 
emphasise  the  physical  origin  of  the  impulse  response 
function.  The  power  transmittance  of  this  sample  is 
shown  in  Figure  5-6,  as  obtained  by  squaring  the 
magnitude  of  the  amplitude  transmittance.  This  is 
equivalent  to  the  information  that  would  have  been 
obtained  from  a  power  spectroscopic  measurement. 


Figure  5-6.  The  Power  Transmittance  of  the  0.0766  mm 
Y-cut  Quartz  Lamella.  The  ordinary  wave  iB  indicated  by  the 
solid  curve  and  the  extraordinary  wave  is  indicated  by  the 
dashed  curve. 


The  power  spectrum  for  the  extraordinary  wave  is 
also  shown  in  the  figure.  The  channeled  spectra  are 
evident  in  both  spectra. 

The  index  of  refraction  may  be  obtained  from  the 
position,  the  spacing,  and  the  magnitude  of  the 
channeled  spectrum19-20  but  care  must  be  exer¬ 
cised20,21  and  the  sample  must  be  reasonably  trans¬ 
parent.  At  the  channeled  spectrum  transmission 
maxima,  for  example,  the  optical  thickness  of  the 
sample  is  an  integral  number,  the  order  number,  of 
half  wavelengths.  The  accuracy  of  the  index  of  re¬ 
fraction  determination  at  the  frequency  of  a  maximum 
depends  upon  the  precision  of  the  location  of  the 
maximum;  this  precision  is  affected  by  the  resolution 
and  by  the  superimposed  absorption  structure  in  the 
spectrum.  Amplitude  spectroscopy,  on  the  other 
hand,  gives  the  transmission  spectral  response  func¬ 
tion  T(<r)  in  magnitude  and  in  phase  at  each  frequency 


ffM  -  IffMI  exp  - 17»|  exp  t4>r(<r) 


The  effects  of  resolution  and  absorption  in  the  index 
of  refraction  determination,  which  is  obtained  mainly 
from  the  phase,  are  very  much  reduced  in  comparison 
to  power  spectroscopy. 

The  index  of  refraction  n  and  the  extinction  coeffi¬ 
cient  k  of  the  complex  index  n+ik  are  approximately 
related  to  the  amplitude  transmittance  of  the  la¬ 
mella  by 


IT)  expi*r 

•  (1  -r*)  exp  (~2w*kb)  exp  i('*T9(n-l)b)  (5-3) 


with  r  the  complex  amplitude  external  reflectance  of 
the  bulk  materira.  This  expression  is  valid  insofar  as 
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only  the  first  partial  wave  through  the  sample  is  im¬ 
portant,  and  the  multiple  internally  reflected  partial 
waves  may  he  neglected.  The  first  partial  wave  pro¬ 
duces  a  “signature"  in  the  interferogram  at  an  optical 
path  displacement  x  —  (n  — 1)6.  The  second  partial 
wave  arrives  later  at  an  optical  path  displacement 
j  =  (3«  — 1)6,  and  the  higher  partial  waves  arrive 
even  later. 

A  low  resolution  amplitude  spectroscopic  measure¬ 
ment,  which  is  made  with  a  short  interferogram  that 
does  not  include  the  (3m  — 1)6  second  partial  wave 
"signature,”  can  be  analyzed  exactly  with  the  above 
approximation— no  channel  spectrum  will  appear  at 
this  resolution.  With  r2  small  compared  to  unity,  the 
n  and  k  can  be  separately  determined  from 


//  =  1 +<t>T/'2Trab 


and 


A-  =  (l/2ir<r6)ln(l/|7’|). 


This  approximation  can  be  improved  bv  using  n  and 
the  approximated  value  of  k  to  compute  the  reflectance 
by 


r  ■  (I  —  (» + 1  A»/(l + (« 4-  ik) ) 


copy  is  an  experimental  convenience  that  is  not  avail¬ 
able  in  power  spectroscopy.  The  low  resolution, 
obviously,  measures  some  mean  value  of  the  index  of 
refraction  over  a  frequency  interval  determined  by 
the  spectral  slit  function.  The  resolution  necessary  to 
measure  a  particular  sample  depends  upon  the 
amount  of  structure  in  the  spectrum  of  the  sample 
and  the  accuracy  required  of  the  measurement. 
Smaller  spectral  slit  widths  require  longer  inter- 
ferograms  and  the  inclusion  of  more  partial  waves  in 
the  measurement  and  analysis.  The  expression  for  the 
transmission  of  the  lamella  given  in  Eq.  (5-3)  can  be 
extended12  to  include  the  number  of  partial  waves 
that  are  measured  in  the  interferogram;  the  effects  of 
apodization  may  also  be  included.  Calculation  with 
a  simple  extension  of  the  iteration  procedure  indicated 
above,  which  is  a  trivial  task  for  any  general  purpose 
digital  computer  that  can  calculate  the  Fourier 
transformation  of  the  original  interferograms,  gives 
the  optical  constants  of  the  sample. 

Figure  5-7  shows  the  optical  constants  n  and 
a  =  iirak  for  quartz,  as  measured  by  Russell  by  this 
amplitude  spectroscopic  method  at  the  spectral  reso¬ 
lution  indicated  in  Figure  5-6.  Since  the  computation 
of  4>t  from  the  interferograms  gives  only  the  principal 
value,  it  is  necessary  to  establish  the  number  (the 
order  number)  of  unobserved  complete  cycles.  In  the 
example  of  the  ordinary  wave  in  quartz,  it  is  difficult 
to  follow  the  changing  phase  through  the  absorption 
band  at  264  cm-1,  because  the  signal  is  weak  in  the 
band  and  the  phase  shift  is  large  in  passing  through 
the  band.  Since  the  dispersion  relations  relate  the  real 
and  imaginary  parts  of  the  impulse  response  function, 
T  relates  with  <t>r  and  n  with  a;  consequently,  meas- 


whicli.  together  with  the  measured  amplitude  trans¬ 
mit  tanee.  gives 


( I  -  r **)  1 1  ?'|  exp  »*r |T*|  exp 

-  exp  ( -  litak'b) 
Xexp  i(2w<r()i'~  1)6) 


so  that  the  improved  values  n'  and  k'  can  be  obtained. 
Iteration  of  this  process  quickly  produces  optical 
constant  values  with  uu  accuracy  appropriate  to  the 
eX|M>rimentally  measured  data.  The  iteration  process 
can  start  with  any  reasonable  approximate  values  of 
the  optical  constant*:  the  accurate  values  for  a  neigh¬ 
boring  frequency  are  an  appropriate  choice  when  the 
constant*  are  to  be  calculated  for  a  whole  range  of 
frequencies. 

The  |No.'ibilitv  of  measuring  the  index  of  refraction 
at  very  low  *|iectrnl  resolution  by  amplitude  s|»ectros- 
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Figure  5-7.  The  Ordinary-ray  (solid  curves)  and  Kstra- 
ordinary-ray  (dashed  rurvrs)  Kefrartive  IndirrS  sod  Absorp¬ 
tion  t  'oHBrirttt*  of  Qttart :  as  Determined  From  the  0.0766  mm 
IsutK-Ua  by  Amplitude  fipertrosropy 


urement  of  the  absorption  can  be  used  to  establish  the 
change  in  order  number  across  the  band.  Since  the 
phase  shift  across  the  quartz  band  was  verified  by  this 
procedure,  an  accurate  value  of  the  shift  was  known 
and  an  accurate  value  of  the  band  absorption  strength 
could  be  determined.  It  is  evident  that  the  use  of  a 
to  help  in  establishing  n,  as  in  this  quartz  example,  can 
proceed  only  in  those  special  cases  where  a  is  measur¬ 
able  with  sufficient  accuracy.  For  very  large  phase 
shifts  the  method  fails  because  the  corresponding 
bands  are  too  opaque  for  measurement. 

In  every  phase  measurement  it  is  necessary  to 
establish  the  order  number  in  order  to  know  the  num¬ 
ber  of  complete  cycles  that  must  be  added  to  the 
measured  phase.  This  can  usually  be  accomplished 
by  using  an  approximate  index  of  refraction,  a  meas¬ 
urement  of  samples  of  different  thicknesses,  or  some 
such  additional  information. 

The  ambiguity  in  the  phase  information  is  easily 
removed  in  the  very  long  wave  region  of  the  spectrum 
where  an  extrapolation  to  zero  frequency,  and  thus 
to  a  zero  phase,  is  possible.  As  an  example  of  the  pre¬ 
cision  of  such  an  amplitude  spectroscopic  measure¬ 
ment  of  an  index  of  refraction,  Figure  5-8  shows  the 
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Figure  5-$,  The  Ordinary  end  Kxtraordinnry-rnv  Ue- 
fnu'tive  ’mliw*  of  Quart*  a*  Measured  l*y  Amplitude  Sprr- 
troeropy  The  extrapolated,  *eto  frequency  value*  have  an 
experimental  uncertainty  of  ±0.001 ,  whieh  i»  much  larger  t  han 
i*  apparent  the  rotumtenry  of  the  data 


'ong  wave  result  for  crystal  quart*.  The  abscissa 
swale  was  chosen  as  the  square  of  the  frequency  so  that 
the  index  values  would  extrapolate  along  a  straight 
line  to  wo  frequency.  The  circles  are  experimen¬ 
tal  points  obtained  for  a  sample  of  quart  x 
4  78”  •'* 0.0005  mm  thick.  It  is  seen  that  the  scatter 
ot  , »oint*  at  the  higher  frequencies  in  the  figure  j»  not 
much  greater  than  the  uncertainty  in  n-t  arising 
from  the  uncertainty  in  the  thickness  of  the  sample. 
A  small  correction  was  made  in  these  index  values  for 
the  finite  solid  angle  of  the  radiation  through  the 


sample — the  optical  path  length  througli  the  sample 
was  not  the  same  for  all  rays. 

The  precision  of  the  index  of  refraction  measure¬ 
ment  depends  upon  the  precision  of  the  determination 
of  both  the  sample’s  thickness  and  the  phase  of  the 
spectral  response  function.  The  new  problem  in 
amplitude  spectroscopy  is  to  evaluate  the  effect  of 
the  detector  system  noise  on  the  phase  precision.  As 
in  the  case  of  ordinary  spectra,  the  noise  can  be 
judged  from  the  results  of  many  measurements  at  the 
same  frequency  or  at  closely  neighboring  frequencies 
in  a  phase  spectrum.  It  is  also  possible  to  predict  the 
phase  noise,  just  as  it  is  possible  to  predict  the  noise 
in  the  magnitude  of  the  spectral  response  function, 
from  the  known  noise  in  the  interferogram  and  some 
knowledge  of  the  size  of  the  magnitude  spectrum. 
With  the  stepwise  measurement  of  the  interferogram, 
as  used  by  Russell,  the  no!sc  value  at  any  interfero¬ 
gram  point  is  independent  of  the  noise  value  at  any 
other  point.  It  is  then  easy  to  estimate  the  noise  in 
the  spectrum.  The  noise  in  amplitude  spectroscopy  is 
a  complex  value  having  both  magnitude  and  phase 
that  adds  to  the  complex  spectral  signal.  The  un¬ 
certainty  in  the  phase  in  radians  is  just  the  noise  to 
signal  ratio,  if  this  uncertainty  is  a  small  fraction  of  a 
radian.10  Thus,  with  a  little  knowledge,  it  is  possible 
to  predict  the  goodness  of  the  phase  data  that  would 
be  obtained  with  various  experimental  conditions: 
number  of  interferogram  points,  spacing  of  the  inter¬ 
ferogram  points,  time  for  measurement,  etc.,  just  as 
one  can  for  the  magnitude  or  for  power  spectroscopy. 

An  important  feature  of  amplitude  spectroscopy, 
used  with  the  radiation  passing  throughout  the  sample 
only  once,  is  the  ability  to  measure  small  transmit¬ 
tance  values.  The  power  transmittance  of  the  quarts 
sample  shown  in  Figure  5-6,  for  example,  was  0.00 FI 
at  204.6  cm-1.  This  value  would  be  extremely  diffi¬ 
cult  to  measure  by  power  spectroscopy.  The  magni¬ 
tude  of  the  amplitude  transmittance,  however,  was 
0.030,  a  measurable  value.  This  important  feature  of 
amplitude  spectroscopy  is  illustrated  by  the  data  in 
Table  5-1  for  two  hypothetical  samples:  a  “tmns- 


Tabie  VI.  Compnriwm  of  It**  Signal  ami  Xoer  Output  of 
Teu  Sample*  l»y  IWtV  Sprclrtwrttpv  ami  by  Amptilude 
Spcrtnrtrupy 


Pawrr  1  Amplitude 

Sample  Spectroscopy  |  Spectroscopy 

"Transparent  “  ( 

Sample :  !  j 

background  signal  100*  I  100*  1 

i  sample  signal  100*  1  <  100*  1 

i  if;  i  1  1.00*0.02 

j  m3  j  1.00*002  -j  1.00*0.04 

“Opaque"  Sample:  |  ■  \ 

]  background  signal  -  100*1  100*1 

sample  signal  1*1  10*1 

j  iTi  1  0.10*0.01  i 

i  \Ti3  i  001*0  01  0.010*0.002 

i  .  _  .  .  1  '  .  ...  .i 
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parent ”  100  percent  power  transmitter,  and  an 
“opaque”  1  percent  power  transmitter.  Both  are 
measured  with  an  assumed  incident  beam  background 
of  100  units  strength  in  the  same  interferometer  with 
an  assumed  ±1  unit  of  noise.  The  measurements 
with  the  samples  also  give  ±1  unit  of  noise  and  100 
units  of  output  with  the  “transparent”  sample,  1  unit 
of  output  with  the  “opaque”  sample  by  power  spec¬ 
troscopy,  and  10  units  of  output  with  the  “opaque” 
sample  by  amplitude  spectroscopy. 

The  table  indicates  the  signal  to  noise  superiority 
for  power  spectroscopy  of  the  “transparent"  sample 
and  the  signal  to  noise  superiority  for  amplitude 
sjjectroscopv  of  “opaque”  samples.  It  should  be 
emphasized  here  that  far  infrared  Fourier  transform 
spectroscopy  with  a  Michelson  interferometer  has  two 
great  advantages  over  normal  spectrometers:  the  well 
known  “Fellgett  advantage”  in  signal  to  noise,  and  a 
very  greatly  reduced  stray  radiation  advantage.* 
This  second  advantage  helps  contribute  to  the  ability 
of  Fourier  transform  spectroscopy  to  cope  with  opaque 
samples. 

The  ability  of  amplitude  spectroscopy  to  measure 
|H»wer  transmittance  is  completely  lost  if  the  sample 
lamella  does  not  have  high-quality  plane-parallel  faces. 
A  “pseudocoherence "  effect"*  exists  in  amplitude 
spectroscopy  that  does  not  exist  in  power  spectroscopy. 
This  effect  reduces  the  magnitude  of  the  amplitude 
transmittance  for  samples  having  low  geometrical 
quality.  One  way  to  visualize  this  |>scudocoherence 
effect  is  to  consider  dividing  the  sample  area  into 
smaller  areal  sections  and  measuring  the  interfera- 
grams  of  each  small  section  separately.  The  inter- 
ferogram  /*( x)  for  the  full  area  sample  is  the  sum  of 
the  interferogmms  A/*(x)  for  all  of  the  sections.  Thus 
the  Fourier  transform  /»(<r)  is  the  sum  of  the  Ap(tf) 
elements.  Since  the  A/>t<r)  elements  are  complex,  the 
magnitude  of  p(«r)  is  not  the  sum  of  the  magnitudes 
of  the  A/«(<r)  elements.  The  resulting  (•(*)  and  g(a) 
are  seen  to  be  an  average  of  the  real  Mt(-r)  elements 
anti  an  average  of  the  complex  A«/(«)  elements 

A  |>ower  spectroscopic  measurement  h..  ,oe  cor¬ 
responding  experiment  would  yield  symmetric  inter- 
ferogrnnvs  A/*(x)  for  the  demon  sections  and  real 
pusitive  A/»(«r)  spectral  densities.  The  resulting  values 
f»(x)*f/(  -/)  and  are  an  average  of  real 

symmetric  AUn/Wtt  - /))  elements  ami  an  average 
of  real  positive- valued  Mn(o)y*(<t))  elements. 

The  power  transmit  lance  obt  antral  from  an  ampin 
I  title  .~|iertrtewo|t|c  measurement  i«  the  stpiare  of  *he 
magnitude  of  the  average  amplitude  transmiUance. 
tlu«  is  quite  different  fn»0t  the  power  qiertnevopic 
measurement  of  the  averag*-  t»f  the  square-  «»f  the 
magnitmles  of  the  I  rat,  mittances.  The  distinction  i« 
illustrated  by  the  rv*ult  *lio«n  in  Figure  -V-t»  in 
which  the  rnes-'  «how  a  ja»wer  sjnTtn««eoj»ie  measure¬ 
ment  and  the  rurve  an  nmjtlitttde  sp,-ctre>co|MC 
measurement  «»f  the  suite  sample  *»f  jadyrthylewr  cun- 
tainiug  rarhon  blaek.  The  «am|*le  had  a  thickness 
Varying  between  I. .VI  and  I  .til  mm.  the  QOSmm 

*  TW  **t  n'.nrtfrf  «?•  sV  ha*  m  «d'Mdal»  |4s*h*n«(  fr* 
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Figure  5-9.  The  CroMee  Show  the  Power  Transmittance 
of  a  Sample  of  “Black'  Polyethylene  Measured  With  a 
Spectrometer.  The  solid  curve  shows  the  measurement 
results  for  the  same  sample  by  amplitude  spectroscopy.  The 
amplitude  spectroscopy  results  are  spoiled  by  the  thickness 
variation,  0.153  to  0.161  mm,  of  the  sample 


vnriation  being  only  a  5  percent  variation  in  the  thick¬ 
ness!.  Such  a  sample  is  adequate  for  power  spectro¬ 
scopic  measurements,  but  very  bad  for  the  amplitude 
spectroscopic  measurement.  At  200  cm- 1  this  varia¬ 
tion  in  thickness  is  about  1  wavelength  of  insertion 
optical  path,  (n  — 1)6,  and,  therefore,  the  elemental 
Ay(o)  values  have  phases  that  are  distributed  over  a 
full  cycle.  The  sum  of  these  Ag(o)  values  is  nearly 
zero;  thus  g(a)  and  |7'| a  are  nearly  zero 

The  200  cm-1  radiation  passes  through  the  sample 
but  does  not  produce  any  contribution  to  the  asym¬ 
metric  mode  interferogram  because  the  phases  of  the 
200  cm” 1  components  of  the  elemental  A/*(x)  inter- 
ferograms  are  distributed  over  a  full  cycle  and.  there¬ 
fore,  destructively  interfere.  An  even  more  spectacu¬ 
lar  example  of  the  pseudocoherence  of  different  polari¬ 
zation  components  in  crystal  quartz  has  been  given 
by  Bell'*  and  by  Russell.1  * 

5-4  A  REFLECTION  MEASUREMENT  OF  THE  OPTICAL 
CONSTANTS  OP  A  SOL© 

Materials  that  are  so  strongly  absorbing  that  they 
cannot  be  measured  in  transmission  may  br  measured 
in  reflection.  There  is  no  channeled  spectrum,  of 
Course,  to  help  in  evaluating  the  index  of  refraction. 
If,  however,  in  addition  to  the  power  reflectivity  (rj1 
the  phase  of  the  amplitude  reflectivity  A  wen-  known, 
then  the  optical  constant.-  could  be  calculated  from 
the  relations 


«-(i-W*)  "(i+M'+aM  «*♦*)  (V4) 


and 


t  -  (-iri  sin  #,).  0-Hri*+2?rt  «* 
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A  well  established  procedure  in  power  spectroscopy  is 
to  derive  the  phase  of  the  reflectivity  from  the  pt  -er 
reflectivity  spectrum.  Thus  the  reflectivity  phase  is 
obtained  by  use  of  the  dispersion  relations 17,1 8  as 

4>r(<r)  =  (*/t)  j*  dff'(\n  |r(«r)|2— In  |r(ff,)|2)/(<r;J-<r2), 


The  optical  constants  of  crystal  jmtassium  bromide 
derived  from  the  reflection  measurement  are  shown 
in  Figure  .1-12.  The  index  of  refraction  and  the  extinc¬ 
tion  coefficient  were  calculated  from  the  me:isuri“d 
amplitude  reflectivity  according  to  Kqs.  (.1-1)  and 
(.l-l).  The  physical  significance  of  the  results  are 
discussed  in  the  paper  by  Johnson.24 


where  |r(<r)| 2  is  the  power  reflectivity  at  the  frequency 
i r  and  the  Cauchy  principal  value  of  the  integral  is 
used  to  properly  include  the  singularity  at  <^=<7.  The 
tribulations  of  such  calculations  have  been  well  de¬ 
scribed21,23.  The  inaccuracy  of  the  measurement  of 
the  low  reflectivity  region  on  the  high  frequency  side 
of  strong  reflections  produces  errors  in  the  large  values 
of  ln|r|2  and  cause  great  difficulty  with  the  technique. 
The  usual  lack  of  reflectivity  data  throughout  a  large 
range  of  fi  aeies — aero  to  infinity  required  in  the 

formula— is  a  smaller  problem,  but  is  a  nuisance, 
nevertheless. 

With  amplitude  spectroscopy,  both  the  magnitude 
and  the  phase  of  the  reflectivity  are  directly  deter¬ 
mined  at  each  measured  frequency.  Replacing  a 
mirror  in  the  sample  path  arm  with  the  reflecting 
surface  of  a  thick  sample  allows  the  magnitude  and 
phase  of  the  sample  reflectivity  to  be  compared  with 
those  of  the  mirror  (t  radians  phase).  The  spectral 
response  function  is  g(a)  ■  |r(<r)|  exp  i(4>,(<r)  -  r).  The 
measured  phase,  of  course,  also  depends  upon  the 
position  of  the  sample’s  reflecting  surface,  which  is 
supposed  to  exactly  replace  the  mirror  surface  posi¬ 
tion.  If  the  phase  of  the  sample’s  reflectivity  is  known 
in  a  high  frequency  region,  then  a  comparison  of  the 
measured  phase  with  the  known  phase  can  serve  to 
determine  the  position  error;  such  an  error  is  easily 
removed  from  the  phase  data  (or  the  impulse  response 
function)  by  an  appropriate  correction. 

The  results  obtained  by  Johnson34  on  the  optical 
constants  of  cry  stal  potassium  bromide  will  be  used  to 
illustrate  reflectivity  measurements  by  amplitude 
spectroscopy.  The  impulse  response  function  sliown 
in  Figure  W>  is  for  potassium  bromide  reflectance. 
The  ‘ringing’  of  the  crystal  at  its  cigenfrequeucv  is 
clearly  evident.  The  spectral  power  reflectivity  jr(ff)j3 
of  potassium  brom*dr.  which  could  have  been  meas¬ 
ured  by  power  spectroscopy,  and  the  spectral  phase  of 
the  reflectance  *»(•).  which  cannot  be  measured  by 
power  spectroscopy,  are  shown  in  Figure  VIO  The 
error  bars  on  the  curves  indicate  the  scatter  of  the 
mcasut  i  values  in  the  various  frequency  regions. 
The  amount  of  structure  in  the  phase  spectrum  in  the 
region  of  low  reflectivity,  where  the  dispersion  rela¬ 
tions  are  difficult  to  use.  should  be  noted.  The  fait 
that  the  phase  can  be  measured  in  the  regions  of  very 
weakly  reflected  radiation  should  also  be  noted.  This 
ability  of  amplitude  spectroscopy  to  measure  weak 
signals  is  also  indicated  in  Figure  .VI  I.  which  gives  the 
power  reflectance  measured  in  this  weakly  reflecting 
region,  and  was  explained  in  connection  with  Table 
VI  The  measured  amplitude  reflectivity  docs  agree 
with  the  approximate  value  —  »i  2  at  the  minimum. 
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Figure  VIO.  The  Power  Reflectance  v(<r)  aiwl  the 
Phase  of  the  Reflectance  ♦,(»)  —  for  Potassium  Itromidc  as 
Measured  hv  Amplitude  Spectroscopy.  The  error  oars  on  the 
curves  show  the  site  of  the  variation  in  the  measured  value', 
for  several  different  sample  measun'iuents 
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Figure  VII.  The  Power  Reflectance  r(«)  ’  for  Potassium 
Chloride  and  for  Potassium  Hromidr  m  a  U«  Rrflretaiiee 
itegion  to  Show  the  Ahilitv  .J  Amplitude  Speetrosroju  to 
Measure  Small  Power  1  tr  Bert  a  I,  res.  The  error  l«r»  on  tlx' 
curves  show  the  Variations  in  the  measured  value*  for  Several 
sample  measurements 
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5-5  AMPLITUDE  SPECTROSCOPIC  MEASUREMENTS 
ON  GASES  AND  LIQUIDS 

The  usefulness  of  amplitude  spectroscopy  in  the 
measurement  of  the  strengths  of  far  infrared  absorp¬ 
tion  lines  in  gases  has  been  demonstrated  by  Cham¬ 
berlain0  and  by  Sanderson14'15.  A  paper  that  will  be 
presented  by  Sanderson  later  in  this  Conference 
(Chapter  14)  will  indicate  the  high  degree  of  develop¬ 
ment  of  this  technique.  It  is  appropriate  here, 
however,  to  look  at  an  example  of  Sanderson’s  earlier 
work  shown  in  Figure  5-13.  The  figure  shows  the 
index  of  ref"  action  of  hydrogen  chloride  gas  that  was 
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eter  slit  widths,  power  spectroscopic  measurements 
are  made  with  amounts  of  gas  such  that  the  lines  are 
opaque  at  their  centers  and,  thus,  information  about 
their  strengths  is  lost.  The  direct  measurement  of  the 
index  of  refraction  and  the  line  strengths  is  valuable 
additional  information. 

Amplitude  spectroscopic  measurements  of  liquids 
have  been  made  by  Chamberlain  et  al7,9.  It  is  diffi¬ 
cult  to  construct  a  cell  for  liquids  that  can  be  placed 
in  a  vacuum  far  infrared  instrument  and  that  has  the 
necessary  precision  in  its  windows  and  spacing  so  that 
the  “pseudocoherence”  effect  will  not  cause  troubles. 
Chamberlain  has  solved  this  problem  by  measuring  a 
liquid  layer  supported  on  a  level  mirror;  the  mirror 
serves  as  the  end  mirror  in  the  sample  arm.  The 
radiation  incident  from  above  on  this  liquid  layer  is 
transmitted  through  the  liquid  and  reflected  by  the 
mirror.  The  wave  from  the  sample  arm  to  the  detector 
contains  a  partial  wave  that  is  reflected  fro. a  the  top 
liquid  surface,  a  partial  wave  that  is  reflected  once 
from  the  end  mirror,  and  partial  waves  that  are  re¬ 
flected  several  times  from  the  end  mirror  and  internally 
reflected  from  the  top  liquid  surface.  These  several 
partial  waves  can  be  seen  in  Figure  5-14,  which  is  an 
interferogram  recorded  and  described  by  Chamberlain 
et  al7. 


Figure  5-13.  The  Index  of  Refraction  per  Atmo¬ 
sphere  of  Hydrogen  Chloride  Gas  as  Measured  by 
Sanderson"  (l!»C7)  by  Amplitude  Spectroscopy.  The 
circles  are  experimentally  determined  values;  the  solid 
line  is  calculated  from  the  line  str^^gths  as  determined 
from  the  experiment 


obtained  from  the  phase  spectrum,  («  —  1)  =<!>/('2ir<7b), 
measured  with  the  interferometer  described  earlier. 
From  the  experimental  index  values,  the  strengths  of 
each  of  the  lines  (at  20  cm-',  40  cm~\  00  cm-1,  etc.) 
was  dotei  mined.  These  line  strengths  were  used  to  cal¬ 
culate  the  index  values  shown  by  the  solid  line  in  the 
figure  ’[’he  important  feature  of  amplitude  spectros¬ 
copy  for  this  w<  k  is  the  fact  that  the  line  strength 
can  be  measured  by  the  index  of  refraction  changes 
in  the  neighborhood  of  the  line.  Because  the  gas 
absorption  lines  are  narrower  than  typical  spectrom- 


Figure  5-14.  An  Asymmetric  Mode  Interferogram,  Meas¬ 
ured  by  Chamberlain  et  al,  (1967)  for  a  0.08  mm  Thickness  of 
Liquid  Tetrabromoethane  on  a  Mirror.  The  signature  (b)  is 
due  to  the  partial  wave  reflected  from  the  top  surface  of  the 
liquid;  the  signature  (a)  is  due  to  the  partial  wave  transmitted 
twice  through  the  liquid  layer;  the  signature  (c)  is  due  to  the 

frartial  wave  that  is  reflected  internally  once  from  the  top 
iquid  surface,  reflected  twice  by  the  mirror,  and  transmitted 
four  times  through  the  liquid  layer.  Reprinted  with  permission 
from  Chamberlain  et  it.,  (1967)  Spectruchimica  Ada,  23A: 
2256,  Pergamon  Press 


To  simplify  the  alysis  of  the  transmission 
through  the  liquid  sample,  Chamberlain  removed  the 
top  surface,  first  reflection  signature  from  the  intcr- 
ferograrn  (by  smoothing  over  the  signature  region) 
before  calculating  the  Fourier  transform.  The  re¬ 
maining  interferogram,  of  course,  is  not  the  same  as 
would  be  obtained  in  transmission  with  a  double- 
thickness  liquid  layer,  because  of  the  mirror  precisely 
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centered  in  this  double-thickness  liquid  path.  The 
partial  wave  analysis,  however,  allows  the  calculation 
of  the  optical  constants  to  the  desired  accuracy. 

If  a  separate  measurement  of  the  reflected  partial 
wave  alone  is  measured,  by  canting  the  end  mirror  to 
remove  the  transmitted  wave,  for  example,  then  the 
optical  constants  could  be  obtained  from  the  reflected 
partial  wave  alone.  It  would  also  be  possible,  then, 
to  remove  the  reflected  partial  wave  signature  in  all 
details  from  the  transmission  interferogram  by 
subtraction  of  the  one  interferogram  from  the  other. 

Such  possibilities  add  a  new  freedom  to  amplitude 
spectroscopy  that  is  not  so  readily  available  in  power 
spectroscopy.  It  should  be  noted,  however,  that  a 
preprocessing  of  the  interferogram  can  also  be  an  aid 
in  the  analysis  of  a  power  spectroscopic  measurement. 
Randall19,  for  example,  increased  the  channeled 
spectrum  signal  relative  to  the  noise  by  removing 
portions  of  the  interferogram  that  did  not  contribute 
to  the  channeled  spectrum  structure.  The  preprocess¬ 
ing  of  the  symmetric  interferogram  improved  the 
channeled  spectrum  measurement  and  the  determina¬ 
tion  of  the  index  of  refraction  of  the  sample. 

5-6  CONCLUSION 

Amplitude  spectroscopy  is  a  useful  technique  for 
measuring  the  optical  constants  of  materials  that  can 


be  obtained  in  samples  of  sufficiently  precise  geo¬ 
metrical  form.*  The  measurement  at  each  frequency 
of  a  magnitude  and  a  phase  allows  the  direct  compu¬ 
tation  of  a  pair  of  optica!  constants  at  each  frequency. 
Because  the  optical  constants  of  a  material  primarily 
describe  the  behavior  of  a  wave  amplitude  in  its 
passage  through  the  material,  amplitude  spectroscopy 
generally  gives  results  more  simply  related  to  the 
optical  constants  than  does  power  spectroscopy.  The 
measurement  of  a  wide  band  of  frequencies  from  a 
source  results  in  a  close-packed  background  inter¬ 
ferogram  and  the  development  of  separated  signatures 
for  the  partial  waves  from  the  sample  that  can  be 
useful  in  analysis.  The  combination  of  a  general  pur¬ 
pose  digital  computer  with  a  modest  asymmetric 
mode  interferometer  can  measure  optical  constants 
with  a  useful  accuracy. 

The  large  signal  to  noise  improvement  of  Fourier 
transform  spectroscopy  in  the  infrared,  the  spectral 
purity  of  the  Michelson  interferometer  measured 
interferogram,  and  the  large  value  of  the  amplitude 
transmittance  or  reflectance  compared  with  the  power 
transmittance  or  reflectance  make  infrared  amplitude 
spectroscopy  with  an  asymmetric  Michelson  inter¬ 
ferometer  especially  advantageous  for  measuring 
strongly  absorbing  materials. 

*  On  the  other  hand,  the  technique  might  be  used  to  obtain  a  measure  of 
the  geometrical  irregularities — surface  roughness,  for  example. 


The  response  of  the  interferometer  with  different 
samples  in  the  two  arms  may  be  formulated  in  the 
following  simple  manner.  Let  the  electric  field  source 
wave  into  the  sample  arm  be  V  i  (z)  and  the  wave  into 
the  adjustable  arm  be  Fa(z).  Here  x  is  a  “time”  or 
the  equivalent  optical  path  distance.  The  background 
interferogram  function  will  be  the  average  power 
P0(x)  given  by,  except  for  uninteresting  constants, 
Ro(*iO  =  Fi(x)*F2(— x).  The  addition  of  samples  in 
each  of  the  arms  will  change  the  output  wave  from  the 
arms  to 


Appendix 

P(x)  =  Fj'(x)*F2'(-x) 

=  (Gi(ri*Fl(z))*((;2(-z)*F2(-x)) 

=  (G1(x)*G2(-x))*{Vl(x)*V2(-x)) 

=  (G,(x)*G2(-x))*P„(x). 

The  corresponding  Fourier-transformed  relation  is 


VV(ie )  =  Gi(z)*F,(z)  and  F2'(z)  =  G2(x)*F2(x), 


p(<r  )=a1'(o>2'*(<r) 


=  f/ 1  (0r){7 2 *  (O') Po (o-) , 


with  Gi(x)  and  G2(x)  the  sample  impulse  response 
functions.  The  interferogram  function  with  the  sam¬ 
ples  in  place  will  be 


in  which  vi'(<r)  is  the  Fourier  transform  of  V \(x),  etc. 
If  the  adjustable  arm  contains  a  sample  identical  to 


that  in  the  .sample  arm,  then  the  result  is  the  expected 
result  for  symmetrical  sample  operation,  power  spec¬ 
troscopy,  except  that  the  background  has, not  been 
presumed  to  be  symmetric.  If  the  adjustable  arm 
contains  no  sample,  then  (?2(j)  =  i(x)  and  02(0")  =  1> 
with  the  obvious  simplification  to  the  asymmetric 
case  (amplitude  spectroscopy)  and  there  is  no  in¬ 
sistence  upon  a  symmetric  background  function. 
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It  is  interesting  to  note  that 

G(x)  =  5(x)  -  2irb  dx  (x)/dx 

for  a  sufficiently  thin  specimen,  where  X(x)  is  the 
susceptibility  of  the  material.  In  this  approximation 
G(x)*G(—x)  is  just  twice  the  symmetrical  portion 
of  G(x).  For  thick  samples  this  simplicity  is  lost. 
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Abstract 


The  problems  encountered  in  data  handling  and  processing  of  interferograms 
e-  are  discussed  and  solutions  to  these  problems  are  presented.  Computing  techniques 

and  programs  are  described  and  the  “decimation  in  time”  approach  explained. 
A  comparison  of  the  computer  times  required  for  the  FFT  (fast  Fourier  transform) 
for  various  types  of  computers  is  tabulated.  Finally,  a  description  of  some  opera¬ 
tions  performed  on  computed  spectra  is  given.  j 


6-1  INTRODUCTION 

The  superiority  of  Fourier  spectroscopy  over 
grating  spectroscopy  has  been  shown  in  widely  dif¬ 
ferent  circumstances.  We  shall  merely  mention  two 
extreme  e^ocs,  the  very  low  resolution  spectra  taken 
by  the  Nimbus  satellite  containing  merely  a  few 
hundred  spectral  elements,  and  very  high  resolution 
laboratory  spectroscopy  as  practiced  at  Aim6  Cotton, 
with  10°  spectral  elements. 

Problems  encountered  in  interferometer  building 
are  totally  different  in  both  cases.  The  same  is  true  of 
computing  techniques.  However  in  any  case,  and  with 
any  computer,  one  can  always  consider  five  groups  of 
problems.  We  shall  put  them  in  the  order  in  which 
they  occur  during  an  actual  experiment: 

(I)  Doctoring  the  actually  recorded  interferogram 
to  correct  for  various  instrumental  errors  and  make  it 
close  to  ideal. 


(2)  Rapid  computation  of  a  small  spectrum  slice 
from  the  entire  interferogram  for  testing  purposes. 

(3)  Computation  of  the  entire  spectrum  from  an 
ideally  odd  or  even  interferogram. 

(4)  Operations  on  the  computed  spectrum  (apo- 

dizati  ttion,  averaging  of  several  spectra). 

(5)  Kxtruc..iig  the  data  from  the  spectra,  that  is, 
automatic  detection  of  lines,  and  measurements  of 
line  positions,  intensities,  profiles,  and  so  forth. 

6-2  SAMPLING  AND  RESOLUTION 

Let  R(a)  be  the  spectrum  under  study.  The  light 
falls  on  a  two  beam  interferometer  with  variable  puth 
difference  4;  the  output  light  flux  can  be  written  as1 

$(4)  =  JK  B{a)  d<r+ j *  B(cr)  cos  2w<t8  da. 
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The  variable  part  S{6),  termed  the  interferogram,  constructed  by  performing  the  inverse  operation: 
is  recorded.  It  is  the  autocorrelation  function  of  the 
light  vibration,2 


i(h)  =  [*  B(a)  cos  2 vaS  da. 
Jo 


B,(a)  =  f*  d(i)  cos  27r<r4  di 
Jo 

B0(a)  =  f"  7(4)  sin  2 iraS  dS,  (6-1) 
J  Q 


» 


Iii  some  cases,  in  order  to  cancel  light  source 
fluctuations,  "internal  modulation"  is  used.3,4  The 
signal  is  then,  to  a  first  approximation,  the  derivative 
of  the  previous  one  and  the  constant  part  is  automati¬ 
cally  eliminated: 


7(4)  =  [*  B(c)  sin  2ir<r4  da. 
Jo 


With  an  ideally  built  and  adjusted  interferometer, 
7(4)  is  strictly  an  mid  or  even  function,  and  the  even 
B,(a)  or  odd  B„(a)  parts  of  the  spectrum  can  be  re- 


according  to  whether  7(4)  is  even  or  odd  (Figure  6-1). 

The  techniques  actually  used  for  reconstructing 
the  spectrum  are  in  the  large  majority  of  cases  purely 
digital,  and  operate  from  sampled  interferograms. 
Only  a  finite  number  of  samples  can  be  used  both  for 
the  interferogram  and  the  spectrum.  We  shall  show 
that,  provided  suitable  care  is  used,  it  is  possible  to 
reconstruct  the  spectrum  corresponding  to  a  given 
maximum  path  difference  4m#x  without  making  any 
approximation. 

We  shall  consider  the  case  of  the  sine  FT  of  an 
odd  interferogram.  The  same  results  would  apply 
to  the  cosine  FT  of  an  even  interferogram. 

6-2.1  Sampling  Interval 

All  spectra  are  limited  by  source  emission,  optics 
transmission,  receiver  sensitivity,  or  by  filters.  Let 
us  callffi  and 02  the  limits  of  the  frequency  range,  and 
put  Aa  =<r2— ffi. 

According  to  the  sampling  theorem  all  the  infor¬ 
mation  about  a  band  limited  function  is  given  by  a 
set  of  discrete  samples  of  the  function  and  interpola¬ 
tion  formulas  can  be  found  which  reconstruct  the 
continuous  function. 1,6-8 

Let  h  be  the  sampling  interval.  Instead  of  com¬ 
puting  the  integral  (6-1)  we  shall  compute  the  sum 


B0' (a)  -  £  7**  sin  2rakh,  (6-2) 

t-o 


Figure  6-1.  (a)  Optical  Spectrum  Under  Study; 

(!>)  Kvcn  Part  of  the  Optical  Spectrum  Computed 
Through  a  Cosine  FT  of  the  Kvcn  Interferogram; 

(c)  Odd  Part  of  the  Optical  Spectrum  Computed  Through 
a  Sine  FT  of  the  Odd  Interferogram 


where  ft* (4)  is  a  Dirac  distribution  with  a  period 
equal  to  h  (Figure  6-2). 

The  sine  FT  of  the  product  between  two  odd  and 
even  functions  is  the  convolution  of  the  sine  FT  of  the 
odd  function  by  the  cosine  FT  of  the  even  function. 


Figure  6-2.  Dirac  Distribution  f\(8)  with  Periodicity  h 


The  sine  FT  of  1(6)  is  B0(<r),  the  cosine  FT  of 
Rh(6)  is  within  a  factor  h  another  Dirac  distribution 
#!/*(«■)  with  periodicity  l/h  (Figure  6-3). 


Figure  6-5.  Aliasing  of  the  Spectra  Computed  from  a 
Sampled  Even  Interferogram. 


B0'(a)  =  hB0(a)  *  Ruk(<r). 


LI...  Mill 

• 

U.J . U 

Figure  6-3.  Dirac  Distribution  Ri /»(*)  with  Period¬ 
icity  1  /k 


interval  l/h  one  finds  both  the  wanted  spectrum  and 
an  “image”  or  “alias".  This  is  one  way  of  showing  that 
the  complex  FT  of  a  real  function  is  an  Hermitian 
function  (Appendix  A).  In  order  to  avoid  overlapping 
one  must  select 


either  h- 


2  A<r 


(case  a  and  b), 


This  means  that  the  odd  spectrum  B,(a)  is  periodic 
with  periodicity  l/h. 

Figures  6-4  and  6-5  present  the  sine  FT  of  an  odd 
interferogram  and  the  cosine  FT  of  an  even  inter- 
ferogram.  They  show  that  within  the  sampling 


<»>  •*  +  \  *  t  *  * 


or  h=— —t  (case  c,  with  A<r'>Aff). 

2  Aff 


If  this  is  done,  within  the  interval  ~  which 

2  h 

corresponds  to  the  range  of  interest,  one  finds  the 
original  spectrum  without  any  kind  of  approximation. 

6-2.2  Wavonumbor  Resolution 

The  path  difference  being  limited  to  imM,  only 
N  -  6ViX/h  interferogram  samples  will  be  used  for 
computing  B(cr)  as  given  by  (6-3);  then 


i-N-i 

B(v) m  £  /**  sin  2nrkh,  (6-4) 
*-0 


which  can  again  be  written  as  an  integral 


Figure  6-4.  Aliaatag  of  the  Spectra  Computed  from  an  Odd 
Interferogram. 

(a)  Optical  spectrum  in  the  rsnge  0  to  »«; 
i  Optical  spectrum  in  the  range  #■  to  »tt,  with  K  4#,  K 
t  an  integer; 

1  spectrum  in  the  range  to  #«,  with  9mr* K  a# 


B( cr)  -  f"  1(6)  Rk(6)D(6)  ain  2nr6  di,  (6-5) 


where  D(6)  is  a  rectangular  function,  of  width  2frtT,. 
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The  expression  B(<r)  is  the  convolution  of  the  sine 
FT  of  the  odd  function  /(i)X /?*($)  by  the  cosine  FT 
of  the  even  function  D(S),  which  we  shall  designate 
byJV*. 


and  we  shall  use  the  simple  definition 


B(<r)  =  B/(<r)*/(<r). 


The  B(<r)  is  again  a  periodic  spectrum  with  l/h 
periodicity  which  is  the  convolution  of  the  previously 
considered  periodic  spectrum  by  /(<r)  (Figures  6-4 
and  6-5). 

The  function  f(o)  is  the  instrumental  line  shape 
(115).  It  is  the  response  of  the  complete  system 
(interferometer+computer)  to  a  monochromatic  line. 
Just  as  for  classical  spectrometers  one  can  define  an 
instrumental  resolution  So. 

In  the  case  defined  by  (6-5) 


sin  2xcr  am« 


AlSIaConsUnt 
-jr  ao.oeowBn.* 


2 

“•'-by 

loON’/in,, 


“fife)’ 


..■■■si.  - 

4 


Figure  (Wi  iMlrumrnUl  l.inr  Shnjw  for  Hemal  A  pod  na¬ 
tion*.  (4(4)  is  (hr  weight  irk  (unction;  U  i»  the  half  intensity 
width) 


•  TW  nmli  i#  (i#  ******  if  fu)  i4  fi«t.  m  ihm  mw  «i»  wcfitwn  ffct 
IT  *«f  ib  wf  im»  ptm  IkiiHimm  mJ  Ml). 


which  does  not  differ  too  much  from  the  usual  half 
maximum  intensity  criterion. 

This  first  ILS  has  very  strong  secondary  maxima 
which  can  easily  be  attenuated.  One  has  to  weight 
the  interferogram  by  a  suitable  “apodization”  func¬ 
tion  A  (6).  Figure  6-6  gives  examples  of  some  ILS. 
In  the  general  case  one  tries  to  reduce  secondary 
maxima  at  the  cost  of  some  widening  of  the  central 
peak1  (Figures  6-7  and  6-8). 
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Figure  6-7.  Actually  Recorded  IIS,  Without  Apodiution 
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Figure  6-6.  Same  ILS,  with  Apodiution 
A(*)-(t-4«/V«*)*. 

Recorded  With  He  line  20V.  Mcweured  Rtwolulion 
0. 1IB  cm  “ ' 
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In  the  language  we  have  been  using  for  interpreting  In  the  case  of  an  extended  spectrum,  and  for 

(6-5)  we  say  that  the  ILS  scans  a  periodic  spectrum.  a=ffd,  B  can  be  written 
However,  one  can  also  associate  the  terms  within  the 
integral  in  a  different  way  and  write 

B(ad) 

B(<r)=B0(<r)  *F(a).  (6-7) 

=  ij  Bt(a)[F(ffd-a)-F(-ad-ff)\da.  (6-10) 


The  term  F(<r)  is  the  cosine  FT  of  the  product 
ft*(5)XD(4) 


F(<r)=M*Rm(< r).  (6-8) 


This  means  the  ILS  is  periodic,  with  period  1/A, 
Figure  6-9. 


-JL- — *,  L- — 1*. — jiu — J  s- — J — -► 
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dL 
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If  the  spectrum  contains  only  one  line  of  wave- 
number  <fo  the  reconstructed  spectrum  can  be  written 
(Figure  6-9) 


B(*)  “  il/(<r-ff0)-*Ao  "4-«'o)|.  (6-9) 


One  finds  ten  peaks  centered  on  wavenumbers  <r0 
and  respectively. 


The  two  portions  of  the  spectrum  are  scanned 
(Figure  6-9)  by  two  ILS  centered  on  <rd  and  —<rd, 
respectively.  In  order  to  reconstruct  the  s|jectrum 
without  any  ambiguity  only  one  peak  of  the  1 15  must 
fall  in  the  two  domains.  Thus,  we  are  led  exactly  to  the 
same 'conditions  for  selecting  h. 

If  we  have  infinite  resolution,  the  computed  spec¬ 
trum  is  identical  to  the  original  spectrum ;  it  is  strictly 
zero  outside  range  Aa,  and  B(ad)  gives  the  spectral 
intensity  for  ad  without  any  approximation.  Strictly 
speaking,  since  resolution  is  finite  in  any  actual  case, 
B(a)  is  unlimited  and  the  first  member  of  ((>-10)  is  in 
fact 


B(od±qfh). 


In  practice,  if  suitable  apodixation  is  used,  the  spee- 
trum  becomes  rapidly  negligible  outside  Ac;  thus  we 
shall  keep  B(<r)  as  it  is  written  in  (6-10).  Thus  we  have 
two  periodic  functions  B(a)  and  1(6)  (limited  to 
4m»x)  which  are  rigorously  Fourier  transforms  of  each 
other  and  we  can,  again  without  approximation, 
compute  one  from  the  IT  of  the  other,  using  only  a 
finite  number  of  samples.  For  B(ff)  the  sampling 

interval  is  4a ------  and  for  1(6)  it  is  li  - 1  2  Atr. 

Within  the  free  spectral  range  ~  one  will  compute 

Atr /tv  independent  spectral  elements.  Thus,  X 
is  the  minimum  number  of  points  needed  to  describe 
the  interferogram  1(6)  in  the  noiseless  case.  Let  us 
consider  an  actual  interferogram,  with  noise,  recorded 
during  total  time  T.  and  the  resultant  -pectrum.  We 
showed  10  years  ago  that  the  optimum  spectrum 
8/N  ratio  will  be  realised  if  the  interferogram  has 
been  recorded  by  the  stepping  method;  ideally,  the 
integration  time  for  each  sample  is  then  T/  V.  With 
any  other  method  the  optimum  8/X  ratio  can  only 
be  reached  by  oversnm|>ling.  which  Is  permissible 
only  if  X  is  not  too  large."  In  the  rest  of  this  paper  X 
w  ill  always  d  dgnnte  the  *  minimum  number  of 
samples. 


6-3  COMPUTATION  OF  THE  SPECTRUM  FROM  THE 
INTERFEROGRAM  1(8).  APPLICATION  OF  THE 
COOLEY-TUKEY  METHOD.  INTERPOLATION 
WITHIN  THE  SPECTRUM 

The  classical  method  for  computing  the  sum  (6-3) 
involves  the  product  of  the  square  matrix  of  order  N 
by  a  column  matrix  with  N  terms;  the  computation 
time  is  proportional  to  N2.  The  coefficient  is  a  func¬ 
tion  of  the  method  for  getting  the  cosines  and,  of 
course,  of  the  computer  itself.  The  shortest  times 
realized  were  given  by  *• 


T= 0.8  10-3Ar2  for  the  IBxM  704 


and 


T  = 0.3  10“3.V2  for  the  IBM  7040, 


where  T  is  expressed  in  seconds.  The  highest  N 
actually  transformed  in  this  manner  was  Ar  =  12000 
(with  T  -  V2h)  in  January  1966  at  Meudon  Obser¬ 
vatory  (on  a  7040). 

At  about  the  same  time  the  technique  for  recording 
interferograms  had  reached  a  stage  where  60  000 
samples  could  profitably  be  used  for  immediate 
astronomical  problems.  In  the  longer  range  we  could 
visualize  problems  with  about  10B  samples.  There 
seemed  to  be,  however,  little  hope  of  computing  the 
transform. 

We  shall  presently  show  that  the  fast  Fourier 
.transform  (FFT)  of  Cooley  and  Tukev.12  plus  correct 
use  of  3rd  generation  computers  with  direct  access 
auxiliary  stores  have  solved  the  problem;  Fourier 
spectroscopy  should  no  longer  be  considered  an  in¬ 
satiable  consumer  of  digital  computer  time,  a  fact 
which  is  important  for  the  future  of  the  technique. 
The  computations  must  be  performablc  within  the 
normal  operating  condition.'  of  any  computing  center. 

One  should  first  notice  that  the  FFT  algorithm  in 
its  usual  form  can  transform  an  arbitrary  complex 
function  sampled  at  iV «2*  points.  If  applied 
directly  to  our  Fourier  spectroscopy  case,  the  input 
cnmjdex  function  will  have  a  real  pari  made  up  of  2N 
interferogrnm  samples.  The  ones  that  should  have 
been  recorded  by  going  from  -  to  -Fin,,*,  and  an 
ima'iinary  / tarl  having  2.V  values  all  equal  to  zero. 

But  the  interferogram  is  a  real  function;  further¬ 
more  it  is  either  even  or  odd.  There  is  no  need  to 
treat  it  as  an  arbitrary  function.101 1  By  adopting 
the  Conley -Tukry  algorithm  to  the  case  of  a  real  odd 
function  we  have  reduced  the  storage  space  by  a 
factor  of  4  and  the  computation  time  bv  2.S. 


6-3.1  Principle  of  the  "Decimation  in  Time"  FFT  Method; 

.  FFT  of  on  Arbitrary  Complex  Function 

The  first  description  of  the  technique  by  Cooley 
and  Tukey12  goes  back  to  1965;  much  literature  has 
been  published  on  the  subject  since  53-19  and  also  on 
its  application  to  Fourier  spectroscopy.20,21 

A  new  satisfactory  approach  has  been  given  by 
Brigham  el  al.22  We  shall  here  explain  the  so  called 
“decimation  in  time”  technique23  because  it  is  very 
clear  and  leads  to  easy  explanations  of  several  pro¬ 
grams  for  computing 

(a)  the  FFT  of  a  real  function, 

(b)  the  FFT  of  a  real  and  odd  or  even  function,  and 

(c)  the  FFT  when  N  is  larger  than  the  central 
memory  size. 

Let  us  call  /*  the  arbitrary  complex  function  to  be 
transformed  with  k  «(0, 1, . . . ,  2 N- 1).  In  our  case 
the  samples  /*  would  be  those  of  the  interferogram 
recorded  from  —  4max  to  +4m»*.  We  shall  call  Br  the 
DFT  of  the  /  samples,  with  r  e(0, 1, . . . ,  2 Ar  —  1 ) ;  the 
samples  of  B  are  spread  within  the  range  1/A  =  2A<r. 
In  F'ourier  spectroscopy  B  is  the  spectrum. 

With  the  usual  notations  Br  is  the  discrete  Fourier 
transform  (DFT)  of  I 


4-a.V-l  2rirk 

L  he2N 

4—0 


If  we  have 


(6-11) 


then 


kmtK-l 

B r-  E  hWrk.  (6-12) 

4-0 


The  entire  computation  of  B  from  /  rests  on  the 
following  rule 

Rule  No.  1 

The  DIT  of  any  given  complex  function  is  a 
linear  combination  of  the  two  DFT  of  two  functions 
w  hr  If  as  many  terms  and  issued  from  the  first. 
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Let  Yk  and  2*  be  the  sets  corresponding  to  the 
even  and  odd  values  of  index  k 


h  fiw2t 

<  2*  =  /2i+i 

k  «(0,  l,...,  21V  — 1)  \k  «(0, 1, . . . ,  N- 1). 


Let  C  and  D  be  the  DFT  of  Yk  and  2*,  respectively, 
each  having  only  N  terms. 

Applying  (6-11)  to  them  results  in 


i-.V-l  2rr<rt  l-.V-l 

Cr=DFT(Yk)=  £  £  YkWlrk, 

k- 0  t-0 

t-AT-t 

Dr=DFT(Zk)~  £  2*Wari, 

t-0 

r<(0, 1, . . . ,  AT— 1). 


In  (6-12)  we  separate  the  odd  and  even  terms  of  I 
and  get 


the  N  complex  samples  of  the  DFT  of  each  of  the  two 
subsets  Y  and  2.  If  we  apply  the  same  reasoning 
log2  2 N  times  we  can  obtain  B,  DFT  of  /  with  only 
2 N  log2  2 N  elementary  operations. 

Figures  6-10  and  6-13  present  the  case  where 
Ni= 8  =  23.  Let  us  use  the  symbol  P  for  the  DFT 
operation.  Figure  6-10  illustrates  the  classical  DFT, 
giving  the  8  B  outputs  from  the  8  I  inputs.  In 
Figure  6-10  the  8  values  of  I  have  been  sorted  into  2 
subsets  P i  and  P2,  corresponding  to  the  even  and  odd 
indices  of  I.  To  each  of  these  subsets  a  DFT  is 
applied  and  the  operations  described  by  (6-14)  give  the 
final  S  B  outputs  from  the  two  partial  DFT. 


* 


t-JV-1  i-W-1 

fir-  £  lW,r*+  £  ZkWlii+UT  (6-13) 

*-0  t-0 


Figure  6-10.  Discrete  Fourier  Transform  of  8  Input 
Points 


* 


Then  Bf-Cr+W'D,. 

Functions  C,  and  Dr  are  periodic  of  equal  period  N. 
Hence 


C\+,«Cr,  D*+,«D,  and  -W*. 


We  can  obtain  the  two  sets  of  samples  B  from  0 
to  N  —  1  and  from  N  to  2.V  —  1  with  the  two  linear 
combinations 


Br-C,+W'Dr 


r«(0,  A‘-l) 


(6-14) 


a 


It  follows  that  we  can  compute  the  2 N  complex 
samples  of  the  DFT  of  the  entire  interferogram  /  from 
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Figure  ft-12.  Separation  of  Set*  P,  anti  P,  into  Pj, 
/'.  ami  P5,  P. 


Figure  6-13,  Complete  IHagram  of  *  Dm  mat  me  in 
Time*  FIT  Teehnit|ue 


total  number  of  operations  is  proportional  to 
2 N  logs  2 N. 

The  time  reduction  compared  with  the  classical 
technique  is  of  the  order  of  2JV/log2  2 N  provided  one 
has  free  use  of  4 N  locations  in  the  main  random 
access  storage.  For  instance: 


if  iV  =  2,0  =  1024,  the  gain  is  100; 
and  if  N  =  2ao  » 10®,  the  gain  is  50  000. 


6-3.2  Programming  Mm  Algorithm 

Looking  at  Figure  0-12  we  can  foresee  the  diffi¬ 
culties  we  will  meet  when  programming  the  algorithm. 

6— 3.2.1  INITIAL  SORTING  OF  THE  DATA 
Before  the  first  stage  of  computation  the  data 
must  be  sorted  and  put  into  a  different  order.  There 
are  two  possible  solutions: 

6-3.2. 1.1  Inverting  the  Bits 
In  the  A  =>4  example  let  us  write  in  binary  form 
(with  logj  'IS  bits)  the  order  number  of  the  inter- 
ferogram  samples,  and  invert  the  bits 


BJ 


/o-000 

7,-001 
7,-010 
7,-011 
7«-100 
7j- 101 
7®  —  1 10 


000-0 

100- 4 
010-2 
110-6 
001-1 

101- 5 
011-3 
111-7 


A  new  subdividing  of  /*,  in  /*,.  7%  and  /*,  in  /»,.  7*« 
again  gives  the  final  S  B.  but  operations  (0-14)  have  to 
be  applied  twice  (Figure  B-12).  One  more  step,  in 
whirl,  /*,.  /*,.  /*,,  /*,  are  divided,  and  we  get  Figure 
6-13  in  which  are  presented  all  the  elementary  opera¬ 
tion*  of  the  FIT  in  the  case  .V-s. 

In  the  general  case  we  must  at  earn  stage: 

(I)  divide  in  2  parts  the  subsets  given  by  the  previous 
operation,  hence  we  have  log,  2,V  stages:  ami 

(-)  combine  the  2  results  of  the  I) FT  operation 
applied  to  the  new  subsets  in  order  to  recover  the  DFT 
results  of  the  preceding  stage.  This  combination 
implies  I  multiplication  ami  1  addition.  Hence  the 


We  find  precisely  the  order  in  which  the  data 
samp***  must  be  put  before  performing  the  first 
operation. 

6-3.2. 1 .2  Recurrence  Formula 
One  can  also  use  a  recurrence  formula  which  will 
give  the  indices  i.  For  instance,  in  order  to  grl  »(»*) 
we  mast  determine  7*  according  to 


2*<n<2r+' 
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Then 


already  been  written  as 


t'(n)  -t(n— 2P)-F 


2N_ 

2 p+i  ’ 


(6-1 6 j 


Cr=DFT  (Yt),  and  Dr  =  DFT  (Zk). 


with  i(l)  =0, 


Fr=Cr+iDr- 


r  <(0,  1,2, 


.  ,.V-1)  (G-17) 


i(2)**2N/2  =  N, 
i(3)  =  2)V/4  =  iV/2. 

6-3.2.2  LIMITATIONS  DUE  TO  SIZE  OF 
CENTRAL  STORAGE 

If  we  look  at  the  last  stage s  of  the  computation, 
we  see  that  the  two  numbers  involved  in  one  given 
combination  do  not  follow  each  other.  Thus,  if  we  are 
to  apply  the  algorithm  directly,  we  must  keep  the 
entire  computation  within  the  central  random  access 
memory. 

Let  M  be  the  memory  size.  In  any  computer  a 
fraction  of  it  will  always  be  used  up  by  the  system  and 
the  program.  Since  if  is  in  most  cases  a  power  of  2, 
only  M/2  will  remain  available  for  storing  the  2.Y 
complex  numbers,  which  means  AN  <  M/2  and 
N<M/ 8.  For  instance  with  M  =  32  K  words*  we  can 
test  at  the  most  an  interferogram  with  A  =  4096 
samples. 

The  conclusion  is  thus  the  same  one  we  reached 
about  the  interferometer  The  greatest  difficulties  will 
be  met  with  large  numbers  of  samples,  when  V>A't, 
if  we  put  Ni,=*M/$.  Then  we  must  use  nonrandom 
access  auxiliary  storage.  This  case  will  be  studied 
later. 

4-3.3  R*o!  Function* 

In  the  case  of  a  real  function  1  with  2.Y  samples 
we  would  like  to  treat  only  2 N  samples  that  is,  com¬ 
pute  the  FIT  of  complex  function  H  with  ,Y  samp'es 
made  »  p  by  suitable  intereombinations  of  the  2.V 
real  samples  /.  Then  H  will  be  reconstructed  using  a 
linear  assoc, ation  of  the  K{i)  FIT  results.  Both 
rule  1  and  a  new  rule  2  .«re  needed. 

Rule  No.  2: 

Only  2 S  memory  words  are  needed  to  tore  within 
the  ecu' ml  memory'  the  .V  complex  samples  of  a 
complex  function  and  the  .V  complex  samples  of  the 
conjugate  function. 

6-33.1  PRINCIPLE 

Let  Kk  be  a  complex  function,  with 


The  Yk  and  Zk  arc  real ;  Cr  and  Dr  arc  complex  and 
Hermitian  (see  Appendix  A),  which  i  :eans: 


Cr=Ctn  and  Dr  =  nl„ 


(6- IS) 


and  we  obtain 


Ft,=Clr-<nir=Cr-iDr.  (019) 


Comparison  between  (6-17)  and  (6-19)  gives: 


Cr 


Dt 


F.+Fl, 


(6-20) 


We  shall  obtain  the  2.Y  complex  samples  of  fs  by 
the  usual  association  (6-14)  thus: 


„  F,  +  Flr  F'-Fl, 

B'm  ■■■■>  T'1 


fly  f  • 1 


Ft+Fl . F,-Fl, 


(6-21) 


£t  =  >**  +  tZ*.  (6-16)  6-3.3  2  NOTES  FOR  PRtXtRAMINC 

When  F  is  periodic  and  its  period  is  equal  to  .V,  we 
have 

and  F,  the  complex  OhT  of  Kt  computed  from  .V 
complex  sample*  of  A*.  We  note  that  0,  and  f),  have 


h  is  a  real  function  sampled  at  2 N  points.  Thus,  B  is 
complex  and  Hermitian.  Consequently, 

(a)  Bx+r~B*y_r;  (6-22) 

(b)  the  real  part  of  Br  for  r  f(0,  1,2,...,  2N—  1) 
is  an  even  function  of  2.V  samples  making  2  sets 
symmetrical  with  respect  to  r  =  Ar.  The  imaginary 
part  is  an  odd  function  of  2.V  samples  with  respect 
to  the  same  r  =  .V. 

Thus,  in  order  to  have  the  entire  spectrum  it  is 
sufficient  to  store  N  complex  values  of  B,  which  can 
be  either: 


Br  =  Wr+Ft--T)-,WT{FT-F*N_T)\,  (6-23) 


or 


By+r  =  B*~r 

=  WT+F*r-r)+iW’(Fr-Ft-r)\.  (6-24) 


From  one  of  the  two  sets  it  is  easy  to  calculate  the 
other.  In  the  case  of  a  perfectly  even  or  odd  inter- 
ferogram,  the  spectrum  contains  only  N  real  numbers 
which  are  either  the  real  or  the  imaginary  part  of  Br. 
One  must  select  either  the  first  half  of  the  2 N  samples 
of  the  real  part  or  of  the  imaginary  part  of  BT,  or  the 
second  half  according  to  whether  the  optical  spectrum 
is  located  on  the  first  or  second  half  of  range  l/h. 

6-3.4  Odd  Real  Functions 

0-3.4. 1  PRINCIPLE 

The  interferogram  is  not  merely  real  but  also 
either  odd  or  even.  Thus,  we  are  led  to  use  this  addi¬ 
tional  property  and  use  a  technique  by  which  the 
l’FT  will  be  applied  to  N  samples  only,11  instead  of 
2N.  From  these  N  samples,  which  characterize  one 
half  of  the  odd  or  even  function,  we  can  construct  an 
Hermitian  function  Ilk  having  N  complex  samples. 
The  DFT  of  //*  is  a  real  function  which  can  be 
obtained  by  linear  combinations  of  the  results  of  a 
DFT  performed  on  an  intermediate  function  F*  with 
.V/2  complex  terms  only. 

We  shall  treat  the  odd  function  case  here  (the 
even  function  case  is  treated  in  Appendix  B). 


f  k=  /  2.v— to  MO,  1 . 2AT  — 1)  (0-25) 


We  have  previously  defined  E*  by  (6-16)  from  F* 
and  Zk ■  -In  the  same  way: 


Gk  =  I-lk+l  +  ilik,  k  6(0, 1,  •  ■  ■ ,  Ar  — 1) 


and  we  define  the  new  function  Hk  by 

Hk  =  %(Ck+G*~k), 

Gy-k  =  -FhiN-k'r  +  l  ~ HnN-k) 

—  J2S  ~2k+l~^2N  -2k-  (6-26) 

Or,  making  use  of  (6-25) 


Gy-k  =  —hk-l+lhi, 


and 


Hk  =  $\  (/»+ 1  - 1 2k-  i))+ihk-  (6-27) 


Function  Hk  is  Hermitian.*  It  is  made  up  of  N  com¬ 
plex  terms.  Its  DFT  K(r)  is  a  real  function  of  N  terms 
from  which  we  can  ordain  the  N  real  spectrum  samples 
by  a  linear  combination. 

We  shall  see  in  the  next  paragraph  how  this  DFT 
can  be  reconstructed  from  the  DFT  of  an  auxiliary 


*  Let  us  compute  Hk\  and  //* 2  for  2  points  symmetrical  with  respect 

to  Hjv/j* 

k i~J~P  and  *2”^+?.  P  «(<>,  1 . ^-l) 

Hki  “£;7.v-2p+i  ~4v-2p -ll+*7.v-2p. 

Hk2millN+2p+l-Ill+2p-l}+ilN+2p. 

Making  uaa  of  (6-20) 

Jr.v+2;>“-/iv-2p. 

In+Ip+i-'-In-Ip-I. 
h'+ip-i--lN-3p+n 
ffH_iUiV-Jp+I-/Ar— Jp—  ll— t'/jV-Sp. 

The  real  part  of  //*  ia  even  and  the  imaginary  part  iaodd;  thus,  it  ia 
Hermitian. 


/(.v+t)  =  -/(.v-i). 


function  having  oniy  N/2  complex  terms. 

from  which  we  get 

k-N-l 

£  nkwn\ 

k- 0 

xv-r=ia-Hr_2r)i’if1  /2i+1^2rt 

*-» o 

or,  replacing  Hk, 

+»  £  /stir-2'*. 

k—0 

(6-30) 

Kr=h~ji\l2k+x-hk-y)W2ir 
krm  0 

Since  is  real,  Ky.r=K%^r,  and  (6-30)  becomes 
equivalent  to  (6-31). 

1-V-l 

+*•  £  /atwr2,t. 

i=0 

(6-28) 

K„-.  -  i(l  -  IF2r)*~£  1  /2t+i^2rl 

k—0 

Let  us  consider  the  term 

fc-.V-l 

-i  £  /2dF2ri, 
t-o 

(6-31) 

«  ="  if 1  hk-xW2kr, 

k~0 

in  which  the  exponentials  are  the  same  as  in  (6-29). 
On  the  other  hand  the  DFT  B,  of  Ik  can  be  written 

and  put  Z = k — 1 .  Then 

Kr  =  lf2  /2J+iTF2r'lT-r. 
j=-i 

k—2X — 1 

£r=  £  hWT\ 

ksm  0 

(6-32) 

or 

Since  the  /2jh-i  function  is  periodic  with  periodicity 

N  the  sum  over  a  complete  period  will  not  be  changed 
by  shifting  the  limits.  Thus: 

Br=f~£  1  In+iW2rkWr 
*- 0 

l~N~l 

K.  -  £  I2l+lW2,kW2r. 

l-Q 

fc*=.Y— 1 

+  £  hkW2rk. 

A=  0 

(6-33) 

Then  (6-28)  becomes 

From  (6-29,  6-32,  6-33)  we  can  compute  the  ZV  real 
samples  of 

k—0 

=  Fr  +  £.  (K-Kx-r) 

k-N- 1 

+i  £  /2dF2r*, 

(6-29) 

Kr  +  Kx-.r  i  ,1  r  Tr 

~  W-r_IFr  5  '/Vr  A.V-rh 
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from  which  we  get  finally 


—  (Kr—Kx—r)  •  (6-34) 


This  is  a  pure  imaginary  function,  the  N  samples 
of  which  are  obtained  by  linear  combinations  of  N 
real  samples  of  Kr.  The  transform  K,  is  the  FT  of  the 
Hermit  inn  function  //*  of  which  we  have  stored  Nf  2 
complex  samples. 

fi-3.4.2  FT  OF  THE  HERMITIAN  FUNCTION 
Uk 

We  have  seen  above  that  the  FT  of  a  real  function 
is  Hermitian.  Inversely,  the  FT  of  an  Hermitian 
function  is  real.  By  following  the  same  path  in  the 
opposite  direction  we  can  define  a  new  function  Fk 
with  .V/2  complex  terms,  related  to  N/2  complex 
terms  of  //*.  by  the  relationship 


Fk  =  \  [(//*+// v_t) + iW~2rk(IIk - //|_t)]  .  (6-35) 


symbolized  in  the  following  way: 

(a)  Complex 
Real  part: 
h  (0, 1, ,  AT— 1) 
followed  by  N  zeros 
imaginary  part 
2 N  zeros 


2N  complex  ; 


(b)  Real 

/t(0,l . N- 1)  Ek 

followed  by  — *  N  complex 
N  zeros  samples 

2 N  samples 


Br 

2N 


N  complex  complex  ; 

(Hermitian) 


(c)  Real  and  Odd  (or  even) 

/*«U,...,JV-1)  Hk  Fk 

N  samples  Hermitian  ^ 

—*  N  complex  — >  —  complex 
samples 


Kr 

Er—*N  real 
samples 


Br 

real  N  . 
samples 


t 


-4 


The  DFT  of  the  -V/2  terms  of  function  Fk  is  a 
complex  function  A’r  with  N/2  terms  also,  as 


Er=Yr  +  iZr.  r«(o,l,...,^-lj 


The  terms  Yr  and  Zr  are,  respectively,  the  even  or 
odd  samples  of  the  real  function  Kr : 


Yr  =  K,n  and  Zr  =  K2r+l. 

Thus,  the  N  terms  of  function  Kr  are  found. 

6-3. 4. 3  SUMMARY 

The  three  procedures  for  treating  (a)  complex, 
(b)  real,  and  (c)  real  and  odd  (or  even)  data  can  be 


In  the  real  function  case  the  FFT  involves  only  N 
complex  samples  instead  of  2 N  complex  samples;  in 
the  real  and  odd  (or  even)  case  only  N/2.  The  entire 
process,  however,  involves  additional  sine  operations. 
Thus,  while  the  gains  in  storage  space  are  actually  2 
and  4,  the  time  reductions  so  far  are  only  1.5  and  2.8. 

6-3.5  Fourier  Transform  with  a  Large  Number  of 
Samples 

6-3.5. 1  PRINCIPLE 

If  the  number  of  interferogram  samples  N  is 
greater  than  Nk  (with  NL  =  M/ 4),  the  computation 
can  no  longer  be  performed  within  the  central  storage 
alone  and  one  must  use  auxiliary  direct  access 
memories,  that  is,  drums  or  disks  (as  opposed  to 
sequential  access  magnetic  tapes).20 

We  shall  now  give  the  principle,  by  using  an 
extension  of  the  rules,  which  are  apparent  from 
Figure  6-11. 

Just  as  we  had  called  Nl  the  maximum  number  of 
interferogram  samples  that  could  be  treated  within 
the  central  storage,  let  us  call  2N L  the  maximum 
number  of  complex  samples  in  the  complex  function 
we  now  want  to  transform.  We  must  sort  the  data 
into  the  minimum  possible  number  of  subsets  P;  each 
must  be  transformable  by  FFT  within  the  central 


«r 


storage.  Thus,  each  must  contain  2N  —  2N l  samples 
and  we  shall  have  to  perform  K=N/Nl  FFT  opera¬ 
tions.  The  term  K  will  always  be  a  power  of  2. 

Once  K  is  determined,  two  problems  remain: 

(a)  How  to  sort  the  primary  samples  into  the 
subsets  P?  This  is  solved  according  to  the  following 
rule.  Let  us  give  each  subset  P  an  index  varying 
from  0  to  PC — 1,  consider  the  binary  formulation  with 
log2  K  bits  of  these  indices  in  their  natural  order,  and 
then  invert  the  bits.  A  new  sequence  of  indices  is 
obtained;  these  are  found  to  be  the  indices  J  of  the 
first  sample  in  each  subset  P;  and  the  following 
samples  will  be  found  to  have  the  indices  J+K, 
J+2K, . . .  ,J+(2N—l)K.  For  example,  let  us 
treat  the  K  —  8  case.  Inverting  the  binary  representa¬ 
tion  of  numbers  0,  1, . . . ,  7  is  given. 

We  conclude  that  the  first  sample  in  each  subset 
has  index  0,  4,  2,  6,  1,  5,  3,  7. 

(b)  How  many  recombinations  will  be  needed 
after  the  FFT  operations?  Since  PC  is  a  power  of  2  we 
can  write  K  =  2P,  and  we  shall  have  p  stages  of  re¬ 
combinations  from  the  partial  FT  operations  in  order 
to  get  the  2 N  final  samples  in  their  correct  sequence. 
In  the  just  mentioned  example  we  should  have  3 
stages. 

6-3.6  Results 

The  computation  times  actually  obtained  are 
summarized  in  Table  6-1  and  Figure  6-14  both  for 
classical  FT  and  FFT  as  performed  by  six  different 
computers  (IBM  704,  IBM  7040,  IBM  360/75, 
UNI  VAC  1108,  IBM  1130,  CDC  6600).  They  show 
the  several  orders  of  magnitude  of  reductions  in 
computing  time  realized  in  the  last  ten  years  both  by 
better  programing  techniques  and  by  the  availability 


Figure  6-14.  Diagram  of  Computation  Times.  Crosses 
indicate  actually  measured  times;  dotted  curves  are  extrap¬ 
olations 


of  faster  computers.  Skillful  use  of  direct  access 
auxiliary  storage  in  third  generation  computers  has 
been  particularly  important. 

The  computation  times  are  given  by  the  following 
formulas: 

(1)  IBM  7040  (M =32  K )  Program  FFT  4  K  (for 
N<4K,  complex  function).* 


r  =  0.428X10~3  2AT  log2  2A-f0.166X10~2  2AT. 


(2)  IBM  360/75  (M  =  256  K)  Program  FFT  32  K 
(for  N <32  K). f 


T=0.152X10-4  2 N  log2  2A+0.145X10-3  2 N. 


(3)  UN  I  VAC  1108  (.l/  =  64  K)  Program  FFT  S  A' 
(for  N<SK,  complex  function).** 


r=0.373X10-4  2 N  log2  2Ar+0.261  X 10- 3  2 N. 


(4)  IBM  360/75  (M  =  256  K)  Program  FFT  64  K 
(N <64  K,  real  function). tt 


T = 0. 158  X  10~*N  log2  AT +0.206  X  10“3  2 N. 


CDC  6600  (M  =  12S  K)  (real  function) 


T  =  0.17X10-4iV  log2  Ar+0.230X10~3  2.V. 


IBM  360/75  (M  =  256  A)  Program  FFT  128  K 
(jV <  128  K,  real  and  odd  or  even  function). 


For  N  =  8  K,  T  is  almost  proportional  to  N, 
T  =  0.J5X1O-3  N. 


IBM  1130  (M  =  32  K)  Program  in  double  pre¬ 
cision 


T  is  practically  proportional  to  N, 
T=0.UN. 


*  In  the  first  usable  FFT  programs  sorting  of  the  numbers  was  accom¬ 
plished  by  bit  inversion  which  introduced  in  the  computing  time  a  term  pro¬ 
portional  to  Ar2.  This  was  negligible  for  small  A’  only.  Later  on  we  eliminated 
this  term  which  was  replaced  by  one  proportional  to  A' ;  this  implied  using  N 
additional  storage  locations. 

t  The  time  gain  realised  by  simply  using  the  360/75  instead  of  the  7040 
was  found  e(|iia]  to  23. 

**  For  this  particular  problem  the  360/75  is  1.8  times  faster  than  the 
1108. 

ft  In  this  case  the  formula  involves  N  instead  of  'iN, 


Table  6-1.  Computation  Times  for  Different  Computers  and  Programs;  N  is  the  Number  of  Interferogram  Samples  from  0  to  4 


* 


* 


* 


6-3.6. 1  IBM  7040  (3/=32  K)  PLUS  MAG¬ 
NETIC  TAPES 

This  program  was  evolved  specially  for  the 
#>4  #  complex  function  case  on  the  7040.  The 
algorithm  had  to  be  modified  in  order  to  make  use  of 
4  magnetic  tapes  on  which  sequentially  ordered  files 
were  stored. 


T = 0.228  X10-2  Nd  log2  2#+0.747X10~2  2 #. 


Thus,  computation  time  was  5  times  longer  than  in  the 
purely  central  storage  case  with  the  same  computer. 
This  program  was  used  for  computing  all  the  plane¬ 
tary  spectra  later  published  in  atlas  form25  for 
most  of  which  #  was  of  the  order  of  60  000.  This 
program  could  have  been  much  improved,  but  this 
was  made  unnecessary  by  the  availability  of  the 
360/75  with  disk  stores. 

6~3.6.2  IBM  360/75  (M  =  256  K,  PLUS  DISKS) 
PROGRAM  FFT  1024  K.  (REAL 
FUNCTION  WITH  N<1024  K) 

The  first  step  involves  sorting  the  data  in  16  sets, 
each  containing  2#/16  =  128#  samples,  which  are 
stored  on  disks.  During  the  second  step  one  computes 
the  FT  of  .  „ch  of  these  sets  using  FFT  64  K.  In  the 
third  step  the  16  sets  undergo  4  stages  of  inter¬ 
combination,  and  the  global  FT  is  found;  the  spectral 
samples  ( #  real  and  #  imaginary)  are  found  in  the 
correct  sequence  on  two  different  disk  files. 

The  general  time  is  the  sum  of  T\,  T3,  T3: 


T\  “0.562X10”4  2#, 

7’2=0.158X1Q-4  #  log,  #+0.206  X10-3  #rf, 
T3  »  0.336  X 10-3  2#. 


Thus, 


7,«0.158X10",‘  #  log,  #+1.119X10-3  #, 
if  #  =  1024  K,  T  «  22  min  8  sec. 


About  |  of  this  time  is  used  up  by  handling  of  the 
files  which  explains  why  beyond  #  =  32  K  the  time  is 
proportional  to  #.  The  size  and  number  of  files 
have  been  optimized  for  #  =  1024  K  and  are  not  well 
suited  to  #=64  A’,  in  which  case  one  would  of  course 
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use  FFT  64  K,  compared  with  which  the  time  increase 
is  about  3. 

6-3.6.3  IBM  360/75  TFD  (REAL  AND  ODD 
FUNCTION) 

The  time  T  is  still  almost  proportional  to  # ; 


r-o.ssxio-3  #. 


In  the  case  of  an  even  or  odd  interferogram,  half 
of  the  samples  in  each  subset  are  equal  to  zero.  The 
storage  size  needed  is  5  #/ 32  in  the  central  memory 
and  2.5X10®  in  the  disks. 

6-3.6.4  IBM  360/75  TFD  (it/ =  256#  PLUS 
DISKS) 

In  order  to  treat  the  case  of  a  real  odd  2048  K 
function  corresponding  to  a  1024  K  interferogram, 
one  uses  the  Hermitian  function  (6-26),  which  has 
1024  K  complex  samples.  In  order  to  compute  the 
FT  it  is  sufficient  to  use  only  512  K  samples  which 
are  subdivided  into  8  subsets  with  64  K  each ;  it  is 
possible  to  compute  the  FT  of  each  subset  within  the 
central  memory.  Then  one  has  only  to  perform  the 
previously  described  combinations.  The  storage  size 
in  the  central  memory  stays  equal  to  5  #/ 32,  since 
one  tries  to  make  the  best  use  of  the  central  memory; 
however,  the  storage  size  on  the  disks  is  reduced  to 
1.5X10®  words  and  the  computation  time  is  reduced 
by  a  factor  of  2. 

6-3.7  Interpolation  in  the  Spectrum 

We  have  stressed  the  fact  that  #  is  the  minimum 
number  of  samples  needed  to  describe  the  ideal  inter¬ 
ferogram  which  is  the  FT  of  the  spectrum;  it  follows 
that  #  is  also  the  minimum  number  of  samples  needed 
to  describe  the  spectrum — with  just  one  sample  per 
spectral  element.  They  do  contain  sufficient  informa¬ 
tion  to  reconstruct  the  completely  smoothed  spec¬ 
trum,  but  this  cannot  be  done  by  a  simple  linear 
interpolation.  We  shall  have  to  reconstruct  inter¬ 
mediary  points  by  a  special  type  of  interpolation. 
We  shall  call  primary  spectral  points  those  that  are 
obtained  as  a  result  of  the  FT  operation  and  secondary 
points  the  interpolated  ones.  We  have  found  that 
sufficient  accuracy  for  most  practical  purposes  can  be 
realised,  with  4  secondary  samples  between  2  primary 
ones;  then  linear  interpolation  (a  standard  plotter 
program)  can  be  applied  to  draw  a  smooth  curve.  In 
some  cases  (accurate  measurement  of  line  shape  or 
position)  more  secondary  samples  are  used.1,5-7'28,2* 

6-3.7.1  INTERPOLATION  PRINCIPLE 

The  two  periodic  functions  B(o)  and  /' (6)  are 
Fourier  transforms  of  each  other.  (Here  we  take  the 
case  of  an  odd  interferogram,  but  the  following 
discussion  applies  equally  well  to  the  even  case.)  The 
period  of  /'(i)  around  6=0  is  our  real  interferogram 
(Figure  6-15a). 
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Figure  0-15.  Interpolation  in  the  Spectrum  (Without  Apo- 
dizution) 


The  two  sampling  intervals  are  6ff=  l/'24m,x  for 

B(cr)  and  h  =  — —  for  I'(S).  Let  us  consider  the 
2  Act 

rectangular  function  Z)(5),  which  is  unity  for 
—  4max<  4<  +im«*  and  0  outside,  and  its  Fourier 
transform 


The  sampling  interval  of  the  interpolated  spectrum 
(that  is,  the  distance  between  secondary  samples)  can 
be  arbitrarily  small.  If  we  decide  to  have  4  secondary 
samples  between  primary  ones,  the  FT  /"(4)  of  the 
secondary  samples  spectrum  G(a)  is  a  periodic  func¬ 
tion  with  period  104max. 

6-3.7.2  APODIZATION  OF  THE  SPECTRUM 

Interpolation  (6-36)  as  performed  upon  primary 
samples  B(a)  computed  from  an  unweighted  inter- 
ferogram  I '(6)  gives  an  unapodized  spectrum  B"{a). 
An  apodized  spectrum  can  be  computed  in  two  dif¬ 
ferent  ways: 

(1)  Instead  of  starting  from  /'(4)  as  it  is  recorded, 
we  multiply  it  by  a  weighting  function  A  (4) ;  then  the 

primary  points  B(<r)  with  separation  5a — 

24max 

(just  as  in  the  previous  case)  will  be  new  samples  of 
the  apodized  spectrum.  If  we  again  convolve  the 
B(a)  samples  by  the  sam ef(a)  function,  the  continuous 
apodized  spectrum  is  obtained. 

(2)  Let  us  consider  again  the  sampled  functions 
B(a)  and  7'(4)  (Figure  6-16a)  and  the  weighting 
function  A  (4)  whose  FT  is  f(a)  the  new  wanted  ILS 
(Figure  6-166).  The  FT  of  the  product  /'(4)  •  A  (4)  is 
(Figure  6-16c) 


D"(a)=B(a)>f(a). 


m 


sin  2xa  4n,,» 
2x<r  4„,.. 


(Figure  6-1. *ib),  which  is  the  same  as  the  ILS.  Let  us 
multiply  /'( 4)  by  /)(4).  This  is  equivalent  to  isolating 
one  of  the  periods  of  /'(4),  thus  reconstructing  the 
original  interferogrum  /(4).  Since  the  FT  of  the 
product  of  two  functions  is  the  convolution  of  their 
FT,  the  FT  B“(a)  of  /'«) .  D(5)  will  be  (Figure  6- 15c) 


B“(a)-B(a)  *f(a). 


This  is  a  continuous  function,  equal  to  B(a)  for 
a-K5a,  where  K  is  an  integer  taking  all  possible 
values  from  —w  to  +  «. 

This  is  equivalent  to  stating  that  any  efiectral 
|K>int  of  wavenumber  <rn  can  be  computed  in  a  unique 
way,  without  any  approximations,  by  the  integral 


This  is  also  a  continuous  function;  however, 
B"(a)^B(a)  for  a~K  Atr;  for  these  same  wave- 
number  B“{a)  is  what  we  should  have  found  by  per¬ 
forming  the  FT  of  the  interferogram  weighted  for 
apodization. 


B"(a») 


n(o) 


sin  2x(flro-<T)  4„„x 
Jr(a0-a)  6„,„x 


<la 


(6-36) 


Figure  0-16.  Interpolation  in  the  Sprctrum  (With  Apo- 
dilation) 
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Any  spectral  point  can  be  computed  by  the  integral 


B"(a0)  =  /+“  B(<r)f(ffo -a)  da.  (6-37) 
J  — oO 


Again,  if  the  secondary  sampling  interval  is  ha/b, 
the  repetition  period  of  the  weighted  and  sampled 
interferogram  is  10im«x  (Figure  6-16d). 

To  summarize:  We  can  either  weight  the  inter¬ 
ferogram,  compute  the  FT,  and  convolve  the  so  ob¬ 
tained  apodized  primary  samples  by  a  pure  sine  func¬ 
tion,  or  transform  the  unweighted  interferogram  and 
convolve  the  unapodized  primary  samples  by  the 
wanted  ILS.  The  second  technique  is  preferable 
since  performing  only  one  IT  we  can  get  a  given 
spectrum  with  several  different '  LS. 

6~3.7.3  NOTES  ON  PROGRAMMING 

In  the  ideal  case  described,  interpolation  involves 
no  approximations  and  gives  the  exact  result.  Com¬ 
puting  does,  however,  introduce  an  approximation. 
The  integrals  (6-36)  and  (6-37)  stretch  from  —  <»  to 
+oo,  and  we  shall  have  to  limit  them  to  ±<r£. 


B"(a0) -  f+'L  B(a)f(a0-a)  da.  (6-38) 
J-*L 


Cutting  off  f(c)  means  the  ideal  perfect  filter 
D(i)  is  replaced  by  Z)'(4),  which  is  the  result  of  a 
convolution  between  D(i)  and  function  a(4),  FT  of 
A(<r),  which  is  the  rectangular  function  cutting  off 
f(a)  (Figure  6-17). 


E1LIEM& 


Figure  6-17.  Filtering 


In  order  to  reduce  computing  time  one  has  to  make 
a h  as  small  as  possible,  and  to  improve  the  filtering 
of  /'(a)  two  essential  precautions  must  be  taken. 

6-3.7.3.1  Computation  of  Primary  Samples 
When  computing  the  transform,  if  one  takes  a 
sampling  interval  slightly  less  than  the  theoretical 

- - ,  for  instance  ha = 0.98 X— ^ —  ,  the  repetition 

2$max  -*m®x 

period  of  /'(a)  will  be  2.04  im»x  (Figure  6-18a).  Then 
the  transition  region  of  the  filter  will  correspond  to  a 
range  where  7'(4)=0  (Figure  6-18 b).  Reducing  the 
sampling  interval  of  B(a)  means,  in  the  case  of  the 
FFT,  filling  only  98  percent  of  the  tables  intended 
for  the  data  with  actual  interferogram  samples,  and  thi 
remaining  2  percent  with  zeros.  For  instance,  in  the 
case  of  our  longest  transforms  so  far,  the  101'  interfero¬ 
gram  samples  are  followed  by  zeros  up  to 


1024  K  =  1.05X10°. 


J*  h  2h  h 


a  k 


Figure  6-18.  Filtering  in  Spectrum  Interpolation 


6-3  7.3.2  Weighting  of /(a) 

In  actual  practice  the  ILS  functions  f(a)  wifi  not 
be  used  directly,  but  weighted  by  an  “apotlizing’* 
function,  such  as  (Figure  6-lSb) 


A  (<r) -(!-**>,. ’I*. 


Then  the  filter  /)"(*)  wifi  be  the  convolution 
l)(t)  *a(4),  where  o(4)  is  again  the  IT  of  A(a). 
Oscillations  are  then  considerably  dum|ied.  There  is 
abundant  literature  on  the  subject  of  filter  improve¬ 
ments. 
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Figure  6-19.  Instrumental  Line  Shape  Obtained  by  Interpolation;  Interpolation  Function  10  Cycles 


Thanks  to  these  two  essential  precautions  we  have 
been  able  to  obtain  secondary  spectral  samples  with 
less  than  1Q-S  intensity  errors,  using  only  lOsidelobes 
of  funct  ion  f(<r).  If  again  there  are  4  secondary  samples 
between  2  primary  ones,  this  means  we  need  50 
samples  of  /( a)  between  0  and  ff/.,  Figure  0-19 
presents  several  spectra  that  have  been  actually 
computed  from  an  intcrferogram  using  a  sine  inter¬ 
polation  function  limited  to  10  sidelobes  weighted  or 
unweighted.  Two  cases  are  considered :  weighted 
interferogram  (giving  an  a|>odizcd  11,8)  or  unweighted 
intcrferogram.  The  results  show  the  improvement  in 
interpolation  accuracy  due  to  weighting  of  the  con¬ 
volving  function. 

Altogether,  computing  5X10"  secondary  samples 
from  10"  primary  ones  takes  22  min  on  a  360  To  I BM . 
We  can  ask  the  question  how  much  time  has  been 
saved  compared  with  direct  computation?  We  might 
have  addl'd  to  the  actual  1024  K  sample  interfero¬ 
gram  :tX  1024  K  zeros,  and  transformed  the  4 X 1024  K 
|iseudo-interferogram  to  get  a  sjiectrum  with  the  same 
resolution,  but  4  (not  5)  times  more  samples.  Sup¬ 
ping  no  limitation  from  disk  capacity,  the  computa¬ 
tion  time  would  have  been  36  minutes.  The  gain  is 
veil  more  .-|>eetacular  if  one  uses  the  Array  Pro¬ 


cessor,  a  special  IBM  unit  in  which  the  convolution 
operation  is  wired  in.  If  it  is  connected  to  a  360/65 
we  have  found  the  above  cited  22  min  time  reduced 
40  sec. 

All  the  Aim6  Cotton  Laboratory  spectra  have  been 
computed  using  this  type  of  interpolation,  at  first 
from  classically  transformed  primary  samples  and 
later  using  the  FFT. 

6-4  TREATMENT  OF  THE  INTERFEROGRAM  PRIOR  TO 
FOURIER  TRANSFORMATIONS 

An  actual  interferogram  is  seldom  identical  to 
the  ideally  odd  or  even  function  so  far  considered.  Let 
us  remind  the  reader  that  while  small  imperfections  in 
the  optical  surfaces  of  the  interferometer  merely  give 
a  slight  reduction  in  S/S  ratio,  errors  in  the  path 
difference  measuring  system  distort  the  1 1-8. 

We  shall  keep  considering  a  minimally  sampled 
interferogram  (;V  samples)  recorded  by  the  stepping 
technique  which  guarantees  an  optimum  S/X  ratio 
from  a  given  recording  lime  T.  Thus,  we  will  not  study 
the  filtering  or  correcting  techniques  appropriate  to  a 
continuous  scanning.  We  will  also  considei  that  the 
positioning  accuracy  of  the  samples  is  large  enough  to 


101 


ft 


* 


make  ILS  distortions  negligible.4  The  difficulties 
inherent  in  accurate  measurement  of  intensities,  with 
the  large  dynamic  range  necessary  to  accommodate 
simultaneously  10®  spectral  elements,  can  be  con¬ 
sidered  solved  and  will  not  be  treated  here.  We  shall 
merely  study  two  rather  common  causes  of  error  in 
order  to  learn  how  to  identify  and  eventually  correct 
them.  The  first  is  a  break  in  the  sampling  sequence 
and  the  second  a  shift  in  the  samp  points  (so 
called  “phase  error”). 

6-4.1  Break  in  the  Sampling  Sequence 

Let  us  suppose  the  interferogram  is  a  pure  sine 
wave  of  wavenumber  <r0.  If  a  sudden  break  in  path 
difference  occurs  for  4  =  40,  the  integral 


f(c)  =  (*mtz  sin  2ir<r0S  sin  2**4  dS, 
Jo 


[see  h(<r)  Figure  6-20] 

fz(<r)  =sin  (2ir<r0P)  f>mtx  cos  2tt<t0&  sin  2ir aS  dS 

Q 

=sin  (2ir<r0(S)h(<TQ—<j). 


will  be  replaced  by 


Figure  6-20.  Sine  Transform  of  a  Square  Pulse  Function 


* 


» 


sin  2ra0S  sin  2 rah  dS 


+  [>mtx  sin  2ir<rQ(6+0)  sin  2 raS  dS. 

Jto 


Thus,  we  can  write 


The  sum  of  these  3  functions  can  take  different 
shapes.  But  in  all  cases  there  is  both  loss  of  resolution 
and  production  of  oscillating  secondary  maxima  which 
can  extend  very  far  from  the  central  peak.  Figure  6-21 
gives  a  few  examples  of  a  distorted  ILS  (apodixed). 

The  error  is  defined  by  two  factors: 


/'(<rWi(er)+/a(<r)+/s(<r), 

fi (<r)  »  f*#  sin  2t<t04  sin  2r<r6  dl~t(v 0—<r). 
Jo 

This  is  a  normal  ILS  with  resolution  4*i  -  —  •  • 


/*(*'  -  cos  (2w0j?)  /*"“  sin  2itr0#  sin  2**4  di 

Jit 

-cos  (2wtr0fi)f(f9-<r), 

1 

,"2(4w„-4o)’ 


This  is  also  a  normal  IIS,  but  multiplied  by  cos  2 to (ji 


a  — 4o/4m»,, 
r-d>o- 


Since  the  interferogram  is  weighted,  it  is  normal 
that  the  highest  distortions  occur  for  small  factors. 
In  principle,  the  error  can  be  corrected  by  programing 
provided  the  computed  spectrum  contains  at  least  one 
well  isolated  line  (emission  or  absorption)  with  a  back¬ 
ground  which  is  known  to  be  flat.  However,  we  have 
not  so  far  found  it  worthwhile  to  attempt  the 
operation. 

6-4.2  Plow  Error 

This  has  been  much  studied;  a  phase  error  can 
enter  the  interferogram  under  very  different  for«n*. 
So  far  we  have  cons  idem!  an  ideally  odd  or  even 
interferogram  recorded  by  an  achromatic  intetferwm* 
ctcr.  In  practice  two  different  errors  can  take  plate. 

(1)  AH  the  samples  are  shifted,  none  coincides  with 
4-0.  This  situation  arises  if  the  means  for  defecting 
icru  path  difference  are  not  accurate  enough. 
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(2)  The  interferometer  is  slightly  chromatic;  there 
is  phase  dispersion  in  the  interferogram  and  the  tero 
path  difference  jioiiit  cannot  be  uniquely  determined; 
the  interferogram  is  neither  odd  nor  even. 

6-4.it  DISTORTION  OK  US  ARISING 
FROM  A  CONSTANT  PHASK 
KRHOR 

l.et  us  consider  an  even  interferogram  (Fig¬ 
ure  U-22o).  but  with  a  constant  error  in  the  path  dif¬ 
ference  measuring  device  When  computing  the 
s|toctrum  we  will  in  fact  get  the  cosine  transfurm  of 
the  even  functions  drawn  on  Figure  t'»-22 b  and  c. 
What  happens  to  the  1I.S? 


F(v)  -  J *  A(l)  ain  2«tf0(4+«)  *in  2*^1  «/4 

«  sin  2nr0«  /*  ,1(1)  cos  2rvai  win  2«r<  di 

Jo 

■froa  2nr0«  J*  A  (t)  ain  ‘2waai  ain  2iv#  d< 


Ffci  *cua  {2rff0«  )/(*)+  ain  (2woat)ii{a) 


Figure  6-22.  Klhrl  a f  ns  Knw  in  l!*r  (Wr  of 
Zrn-J*i»nt  on  the  Interferogram:  (a)  «*>0;  (l>)  < >0; 
(r)  ,<0 


Tim  is  the  sum  of  2  term*  weighted  by  coefficient* 
whir,,  depend  only  on  the  ratio  t  \u  of  the  jialh- 
dlffereno'  error  to  the  wave),  egtit  of  the  linr  of  the 
required  ||2*.  Hie  hr*t  is  the  normal  II.S.  the  *en>n*l 


the  one  we  would  get  with  t»t»  f,  Figure  f>-‘2’4  gives 
all  the  possiNe  shape*  the  II.S  will  take  for 
0 <*  Xo<0.2o  ami  Figure 6-'2-‘»  for  — I<«  V<+l 
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Figu:e  6-25.  Deformation  of  the  Apparatus  Function  for 
Phase  Displacements  Taken  Between  —  2t  and  +  2v 
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Figure  6-23.  Apparatus  Functions  When  There 
Is  an  Krror  in  the  Determination  of  4-0 
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of  course,  for  this  to  be  meaningful  the  lines  must 
be  symmetric. 

Furthermore,  if  we  consider  not  just  one  line  but  an 
extended  well-filled  spectrum  (either  emission  or 
absorption),  the  very  small  background  level  shifts 
will  add  systematically  for  all  spectral  elements  and 
introduce  an  overall  sizable  shift.  1  igure  <>-2ti  shows 
how  an  extremely  small  distortion  of  the  ILS,  cor¬ 
responding  to  <=rXl'J'>,  can  distort  a  rectangular 
spectrum  the  width  of  which  is  only  100  sj>ectral 
elements.  The  effect  increases  with  the  number  of 
spectral  elements. 1 

(M.2.S  KAPin  RKVIEW 

The  methods  for  eliminating  the  phase  error  from 
slightly  chromatic  interferometers  are: 

(1)  If  we  record  the  interfcrogrnm  from  —  to 
4-  and  sum  the  squares  of  the  sine  and  cosine  FT. 
we  ean  forget  completely  about  phase.  The  methml 
Has  the  advantage  of  great  instrumental  duplicity. 
However,  a  double  length  interferogram.  with  twice 
a*  many  samples,  must  he  recorded.  There  is  a 
degradation  of  the  5  X  ratio  due  to  the  use  of  non¬ 
linear  processes,  and  the  zero  intensity  |ev>  ]  is  not  as 
well  defined.* 

(2)  Several  different  techniques  have  been  pro¬ 
posed  for  improving  asymmetrical  interferograms  of 
the  type 
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(a)  instrumental  line  shape 

COMPUTED  WITH  PHASE  ERROR' 

e  *  too  8  : 


(b)  and  (c) 

SPECTRUM  OF  A  RECTANGULAR  BAND 
WITH  AND  WITHOUT  PHASE  ERROR 
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Figure  G-26.  Effect  of  Distortion  of  the  Instrumental  Line  Shape  Computed  With  Phase  Error  t  =  100  A  =  XaVer«Ct/125 


with  4>(<r)  =  27ra$'(cr).  The  FT  of  I' (5)  can  be  written  0-4.3.1  e  IS  KNOWN 

hs:  The  interferogram  samples  are  taken  at 


m(<r)  —B(cr,c~i*<'a) 


In  order  to  reconstruct  B(a)  we  must  multiply 
m(cr)  by  e‘*w.  The  whole  difficulty  lies  in  measuring 
A  really  accurate  determination  would  involve 
measuring  the  interferogram  from  —  5niiix  to  -f  6max. 
Accuracy  can  b  improved  by  successive  iterations;  it 
is  rather  difficult  to  quote  an  exact  figure.2^27"*0 “,2 

6-4.3  Zero  Path  Difference  Error  Correction 

We  aim  at  producing  very  high  resolution 
( Strcvf) X  H)-'*  cm-1  corresponding  to  /?  =  106  at 
\  =  si  the  wavenumbers  must  be  measured  with 
an  accuracy  of  the  order  of  10s.  This  has  been  made 
possible  by  the  construction  of  the  2  in  path  difference 
stepping  interferometers.4-27, :,K  While  the  accuracy  i:: 
the  sampling  interval  is  always  adequate,  in  ionic 
eases  a  recording  technique  is  used  in  which  no  sample 
coincides  with  6  =  0;  the  correction  then  must  be 
introduced  by  tne  computer  program. 


5  =  e,  e+/i,  e+2fi, . . . ,  e-\-Nh. 


The  simplest  correction  procedure  is  the  one  of 
Locwenstein;  33-35  the  spectrum  is  reconstructed  by 
introducing  the  correction  e  in  the  argument  of  the 
cosine. 

One  can  easily  show  that  the  correction  is  complete 
only  for  the  center  of  the  ILS  and  poor  for  distant 
regions.  Figure  0-27  gives  the  example  of  2  lines  at 
7 ">()0  cm-1  and  8500  cm-1  corrected  in  this  manner 
(e  =  X/9).  While  the  correction  is  adequate  for  the 
“true”  spectrum,  the  sampling  or  aliases  are  not 
corrected,  and  they  can  be  so  poor  that  the  true 
spectrum  is  distorted.  Figure  0-28  presents  the  result 
in  the  case  of  a  rectangular  spectrum  again  with  100 
spectral  elements.  Altogether,  the  method  is  adequate 
only  for  a  narrow  spectral  range  in  the  case  where 
considerable  oversampling  is  used  because  the  images 
move  very  far  apart. 

However,  this  method  does  give  the  correct  spec¬ 
trum  if  the  recording  is  made  from  —  5„,„x  to  +  6,„„x. 
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Figure  6-27.  Two  Line  Spectrum  Computed  From  e  to 
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Figure  0-28. 


Contimim  Spectrum  Computed  From  t  to  A,,,.,, 
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Ill  this  case: 


t  =.v 
11  (a !  =  £ 

A  -  — .  V 


I(kh-rf)  cos  27r<r(A7i  +  c), 


or 


/*<>)  =  7(5)  /ft  (5)  cos  2jr<r(a+«)  rf6, 

■'~4.il  ax 


perfect  agreement  with  expectations  (Figure  G-29c 
and  </).  Figure  6-.'31  shows  a  rectangular  spt  .rum  in 
the  same  case. 
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/ft  (6)  being  a  Dirac  comb  with  period  h,  shifted  by  € 
with  respect  to  the  6  =  0  origin.  One  can  see  it  as  the 
convolution  of  the  unshifted  /ft(6)  comb  by  a  shifted 
Dirac  delta  function  r/(e).  The  FT  /ft,*(crj  of  /ft  (6) 
is  (within  a  factor  1  7.)  the  direct  product  of  the 
normal  R\h{o)  Dirac  comb  by  cos  .irat  (Figure 
<>-2!)«  and  b).  This  means  the  true  spectrum  is  re¬ 
constructed  without  any  distortion ;  only  the  sampling 
images  are  multiplied  by  this  coefficient.  For  instance, 
if  we  consider  a  line  at  <r„  =  sr)00  cm-'1  with 
h  =0.27:504  l()-:t  cm  and  e  =  0.1-'30.r>2.r>  10-4  cm,  we 
have  the  situation  illustrated  by  Figure  (i-.'!0  in 
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Figure  6-2U,  (\>m|mti»g  With  Phase  Shift  Error  I’min 
—  5m,x  to  in, ix 


Figure  6-30.  Line  Spectrum  Computed  With  Phase;  Shift 
Error  From  to  -Mm** 


RECTANGULAR  BAND  7500cm"  TO  0500cm”  COStNE  FT  FROM  -L  TO  ♦[. 


£  *  3662  cm 


«  =  I365i  ■ 


^AVERAGE 


Figure  0-31.  Continum  Spectrum  Computed  with  Phase 
Shift  Error  From  —  to  +  imM 


This  technique  is  totally  linear  and  does  not 
introduce  the  difficulty  of  the  power  transform  con¬ 
sidered  above,  but  a  double  length  recording  is  still 
needed.  Thus,  we  have  used  instead  a  rigorous  inter¬ 
polation  procedure  which,  starting  from  the  N 
actually  recorded  intenerogram  samples  gives  the 
set  of  N  samples  which  would  have  been  measured 
at  6=0,  h,  2 h, .  . .  ,  Nh. 


(i  4.I1.2  COMPUTATION'  OF  AX  INTER¬ 
POLATED  “SECONDARY  INTER- 
EE  ROC!  RAM’’ 

Let  /'(6)  be  the  asymmetrically  sampled  inter- 
ferogram  (Figure  (i-:i2a)  and  Il'{u)  the  spectrum  re¬ 
constructed  by  e  ■■  IT  computed  from  —  6„„1X  to 


i 


•4 


* 


107 


4 


* 


* 


i  r 

ft  SinFT(-6 
i  ■  - 


(MI 

- ► 

►6 


Figure  6-32.  Interpolation  in  the  Interferogram 


+  flmax-  The  original  spectrum  B(a)  is  surrounded  by 
images,  from  which  we  can  separate  it  by  multiplying 
B'(<r)  by  a  rectangular  “filtering”  function  n(<r)  of 

width  ~  ,  the  FT  of  which  is  U{&). 

Ih 


it  will  be  limited.  Tests  have  shown  that  a  highly 
accurate  filtering  can  be  realized  using  only  a  small 
fraction  of  U(S)  (of  the  order  of  200  samples)  provided 
suitable  weighting  is  again  used*  (Figure  (>-32c). 

In  this  way  any  interferogram  sample  can  be 
computed.  In  practice,  X  samples  corresponding  to 
5  =  0,  h,...,N)i  are  computed  for  FT  purposes 
(Figure  6-32a).  In  some  cases  we  have  computed 
samples  with  a  separation  much  smaller  than  It, 
in  order  to  trace  a  smooth  interferogram  curve  with  a 
plotter.  Figures  6-33  to  6-39  show  reconstructed 
interferograms  corresponding  to  spectra  of  different 
widths;  thus,  the  shape  and  the  sampling  intervals  of 
the  interferograms  varied  widely.  The  crosses  mark 
the  recorded  points.  The  figures  illustrate  the  sym- 


Figure  6-33.  Example  of  Interpolated  Interferogram 


.  irS 
sin 

V  U(s)  cos  ^  (4p+q)s,  (Figure  6-326) 

2 h 


l  *  5,  n  =  20,  I‘*  IOO 
A  cr  *  600  cm'1 
«Tm  *  4500  cm'1 
h  =  2  735* 


where  p  is  the  number  of  ranges  (of  width  1/6)  which 
precede  the  one  containing  B(<r);  q  is  equal  to  1  if 
the  spectrum  is  in  the  first  half  of  the  range  and  to  3 
if  in  the  second  half. 

The  interferogram  I" (5)  which  would  be  the  FT 
of  the  B'(<r)u(cr)  spectrum  is  given  by  the  con¬ 
volution  : 


/"(a)  =  /'(«)  *  ('(«).  (Figure  6-32(0 


Figure  6-31.  Example  of  Interpolated  Interferogram 


In  order  to  realize  ail  ideal  filtering  this  convolution 
should  (again)  stretch  from  —  <x>  to  +»;  in  practice 


*  Just  as  for  tlx*  spectrum  interpolation  problem  \\v  use  t lie  wcijilitMig 
function  |l  —  *•/ (A*  • 
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metry  of  the  reconstructed  interferograms.  Figure 
6-40  gives  an  example  of  a  spectrum  computed  from  an 
interpolated  interferogram. 

0-4.3.3  MEASURING  THE  PATH  DIFFER¬ 
ENCE  SHIFT  € 

The  shift  t  can  be  measured  rather  simply  from  the 
complete  FT  of  a  small  interferogram  portion  Ip(8) 
approximately  symmetrical  with  respect  to  zero  path 
difference.  We  have 


6-5.1  Principle 

Let  us  consider  a  narrow  spectral  range  of  mean 
wavenumber  (r0  (Figure  6-40a).  We  must  isolate  this 
range  with  a  rectangular  filter  u(<r),  the  FT  of  which 
is  (Figure  6-406) 


TT, sin  ir  A<r'5  „  . . 

U («)  =~—  ^a,5  cos  2ic<jn!  3,  (6-37) 


27rcr€=  —  arc  tan 


6e(o~) 

b0(<7) 


with 


where  am'  is  the  central  filter  frequency,  and 
\a'  =  A <r/Nf  the  width.  The  FT  of  the  produet 
i>vj )Xu(<t)  will  bs  a  “secondary”  interferogram 
it  is  the  convolution  of  the  recorded  interferogram 
7(3)  by  U(6)  (Figure  6-40c) 


6„(<r)  =  FTC0S7P(3)  /"(«)  =  /(«)*  U(6). 

60(<r)  =  FTSi,17p(5). 


Even  if  e  is  computed  for  several  <r  and  an  average 
taken,  the  accuracy  appears  not  quite  good  enough 
in  some  cases.  A  second  “geometrical  ”  technique  has 
been  used  in  the  case  of  odd  interferograms.  Inter- 
ferograra  samples  with  a  very  small  separation  are 
computed  close  to  the  3=0  point.  Then  a  linear 
interpolation  is  performed  and  the  path  difference 
giving  zero  intensity  found.31 

i 

6-5  TEST  PROGRAM 

Even  with  the  latest  computers  a  full  10fi  sample 
FT,  with  subsequent  interpolation  and  (especially) 
plotting,  is  a  long  operation.  In  a  large  computing 
center,  with  a  great  many  customers  it  is  somewhat 
difficult  to  have  it  done  during  daytime. 

The  ideal  solution  is  of  course  real-time  computa¬ 
tion  which  is  practical  only  with  a  special  purpose 
computer  directly  linked  to  the  experiment  as 
described  in  Chapter  33. 

However,  a  posteriori  rapid  computation  is  also  very 
valuable.  We  have  routinely  used  a  program  which 
computes  3  narrow  spectral  slices  in  about  ">  minutes 
(one  near  the  maximum  expected  signal),  tiie  others  in 
regions  of  zero  intensity;  thus,  both  resolution  and 
S/N  can  be  estimated,  and  systematic  errors  detected. 
We  have  tried  not  only  to  reduce  the  computing  time 
but  also  to  simplify  the  data  and  program  handling 
as  much  as  possible  Only  one  run  is  needed  to  (1) 
read  the  data  on  magnetic  tape,  (2)  compute,  (3)  plot 
the  interpolated  interferogram,  (4)  compute  the  full 
spectrum  at  low  resolution,  (.'>)  compute  and  plot  the 
3  slices  at  high  resolution,  and  (6)  measure  rms  noise 
and  S/N.  Steps  (2),  (3),  and  (4)  are  often  skipped. 


The  proper  sampling  interval  of  7"(5)  will  be  (Fig¬ 
ure  6-40d) 


2V-*XX/. 


Thus,  starting  from  the  primary  interferogram  with 
N  samples  we  can  obtain  a  secondary  interferogram 
with  only  N/N/  points,  the  FT  of  which  will  give 
N/N/  spectral  points.  This  means  only  a  narrow 
spectral  range  will  be  computed  but  with  the  full 
resolution.  Again  the  optimum  compromise  between 
computation  time  and  accuracy  of  the  results  will  be 
realized  if  the  function  t*(3)  is  weighted,  which  means 
using  a  filter  with  adequate  shape. 

6-5.2  Program 

The  program  we  have  evolved  takes  the  N<  1024  K 
primary  interferogram  and  computes  S  K,  16  K,  32  K, 
64  K  spectral  slices  from  secondary  interferograms 
with  the  same  number  of  samples.  The  experimenter 
must  provide  the  (approximate)  central  wavenumber 
of  the  wanted  spectral  slice  and  its  width.  Often 
several  slices  are  needed;  for  instance,  the  one  where 
peak  signal  is  expected  and  another  one  with  zero 
energy;  thus,  one  can  judge  resolution  and  S  X  ratio. 

The  computation  time  includes  three  terms  cor¬ 
responding  to  (1)  production  of  the  secondary  inter¬ 
ferogram  by  convolution,  (2)  FT,  and  (3)  spectrum 
interpolation  and  plotting. 

With  the  360  To.  computing  slices  of  S  K  each  from 
101’  samples  takes  3  X96  =  2SS sec.  With  the  already 
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mentioned  Array  Processor  unit  it  is  even  possible  to 
make  the  full  spectrum  computation  by  that  process; 
Id  secondary  interferograms  of  04  K  each  are  produced 
in  oO  sec  each ;  then  10  Pl'T  operations  are  made 
(:$:}  sec  each).  Altogether  we  need  IS  min. 

6-6  SOME  OPERATIONS  PERFORMED  ON  THE 
COMPUTED  SPECTRA 

A  10*’  samples  spectrum  contains  so  much  informa¬ 
tion  that  the  analysis  of  the  spectrum  has  to  be  made 
automatic  as  far  as  possible. 

6-6.1  Weighted  Averaging  of  Spectra 

The  K  identical  resolution  spectra  computed  from 
K  identical  length  interferograms  can  easily  be  aver¬ 
aged.  If  they  have  the  same  S/X  ratio,  they  are  given 
equal  weights  and  the  resulting  S/X  is  improved  by  a 
factor  \  K.  This  has  been  fully  verified  in  many 
instances  and  shows  the  absence  of  systematic  differ¬ 
ences  between  successive  spectra. 

In  the  astronomical  case,  for  reasons  quite  inde¬ 
pendent  of  the  observers’  will,  many  interferograms 
cannot  be  terminated,  thus  leading  to  lower  resolution, 
but  nevertheless  usable  spectra.  They  also  have 
variable  S/X  ratios.  In  order  to  include  them  in  the 
tracings  given  in  the  planetary  Atlas  we  had  to  aver¬ 
age  spectra  differing  both  in  resolution  and  S/X  ratio. 

(Hi.  1.1  WKIGIITIXG  COEFFICIEXTS 

If  we  havt*  8  spectra  .1,  II,  I),  with  the  same  resolu¬ 
tion  and  S  X  ratio  Pi  >/»'/<>  A'/;,  the  best  spectrum  .4 
will  be  multiplied,  before  averaging,  by  C.4  =  1  and  the 
others  by  V a  —  {I'h/I'a)'*  and  C n  =  (I'd/I'a ) “• 

(Hi.  1.2  WEIGHTED  AVERAGIXG 

The  solution  we  have  used  for  variable  resolution 
spectra  involves  making  a  weighted  average  of  the 
primary  (unapodized)  spectral  points  of  all  available 
speed r  .  and  then  interpolating  the  result  with  a  suit¬ 
able  function. 

Suppose  we  have  4  spectra;  the  4  interferograms 
(identically  sampled)  will  be  defined  by  a  number  of 
samples  .1/,  and  a  weighting  coefficient  f ,  (determined 
by  analysis  of  tin1  S  X  ratio  in  tin1  corresponding 
spectrum).  In  Figure  (i-41  we  have  represented  4 
rectangles  of  increasing  lengths,  proportional  to 

.1/, :  .l/4  =  A/ 1 ,  A/.,<  .1/ ,  < 

In  order  to  get  the  same  sampling  interval  in  the 
spectra  the  same  number  of  samples  must  be  used  at 
tlie  input  of  the  ITT.  Thus  /lt  l2,  /4  are  first  com¬ 
pleted  by  adding  —  M  t  —  M*,  and  M2  —  M3 
zeros. 

Each  spectrum  is  individually  normalized  so  that 
the  peak  intensity  is  unity;  then  the  weighting  co¬ 
efficients  are  applied.  Since  the  FT  is  a  linear  opera¬ 
tion,  the  result  is  identical  to  the  one  which  would 
have  been  realized  from  the  FT  of  an  interferogram 
/!.,( A)  weighted  average  of  the  individual  interfer"- 
gram-.  However.  I‘,A&)  is  not  the  wanted  interfero- 
"I'am.  'Mice  the  -ample'  do  apt  have  the  same  specific 
v  igll!  M\ 


Figure  6-41.  Weighted  Average  of  Spectra 


F or  samples 

/  to  3/a,  w=C1+C2+C3+G4; 

M3  to  il/4,  ie  =  Ci-|-C'2+(14; 
il/4  to  M2,  w=C2- 

In  other  words,  the  relationship  between  /'„,(6) 
and  /„,(«)  is; 


/!„(«)  =  /*(«)■  A’(i) 


where  K(  t>)  is  a  ramp  function  (Figure  G-4 1  />) . 
Thus: 


and 


njo)=n:,(v)*nv>m 


t 


» 


* 


Ill 


> 


•* 


* 


In  order  to  find  the  correct  spectrum  Bm{c)  we 
must  convolve  by  an  interpolating  function 

which  is  the  FT  of  I/E{b)  (Figure  6-41c).  Of  course 
we  can  get  an  apodized  spectrum,  weighted  by  the 
P(d)  function  by  using  the  normal  A (S)  apodization 
function. 

The  technique  has  been  mainly  used  for  the  planet¬ 
ary  spectra  with  30000 <N< 60000.  The  FFT  were 
performed  by  adding  zeros  up  to  64  K,  and  the  primary 
spectra  stored  on  magnetic  tapes.  The  improvement 
in  S/N  ratio  compared  with  the  individual  spectra 
was  as  expected. 

6-6.2  Line  Position  Measurements 

This  must  be  done  by  the  computer.  The  demon¬ 
strated  accuracy  in  the  high  resolution  spectra  is 
10” 4cm-1.  The  spectral  range  given  by  a  single 
spectrum  is  9000  cm-1.  To  make  full  use  of  the  avail¬ 
able  precision  on  a  paper  plot,  supposing  a  pointing 
accuracy  of  about  1  mm,  the  full  spectrum  should  be 
90  km  long. 

It  is  also  neee  sary  to  measure  line  intensity, 
equivale-  t  width,  and  shape  (for  instance,  asym¬ 
metry).  All  these  measurements  can  be  made  from 
the  secondary  (interpolated)  spectral  samples  stored 
on  a  magnetic  tape.  The  tape  also  gives  the  overall 
number  of  spectral  samples  Nc,  the  wavenumber  of 
the  first  sample,  and  the  spectrum  sampling  in¬ 
terval  8a0. 

After  a  crude  measurement  on  a  paper  plot  the 
experimenter  lists  the  approximate  wavenumbers  of 
the  lines  he  is  interested  in.  The  computer  searches 
for  maximum  and  minimum  intensity  within  a  speci¬ 
fied  range  (of  the  order  of  2  to  5  times  the  resolution 
6<r,  depending  on  spectral  density,  and  so  forth),  then 
finds  the  centers  of  10  chords  at  equidistant  intensity 
(Figure  6-12  and  6-4.3).  In  general,  the  center  of  the 
chord  closest  to  the  line  tip  is  taken  as  the  line  center. 


Figure  0-42.  Line  Position  Measurement 


Figure  6-43.  Line  Position  Measurement 


Shifts  between  centers  of  other  chords  give  line 
asymmetry. 

Several  corrections  can  be  introduced  at  this  stage. 
The  first  are  experimental  (reduction  to  vacuum,  and 
correction  for  finite  solid  angle  of  the  beams  in  the 
interferometer).  These  are  applied  simply  by  changing 
the  reference  wavenumber  slightly.  Doppler  effect 
corrections  on  the  astronomical  spectra  are  also  intro¬ 
duced  at  this  stage. 

6-6.2. 1  ACCURACY 

In  order  to  test  the  accuracy  of  the  entire  program 
chain,  \\\  have  performed  the  following  operations  on 
the  101'  sample  artificial  interforogram  correspond¬ 
ing  tc  a  line  at  oOOOcm-1,  sampled  with  an 
/i  =  4XiO-5cm  which  means  a  1.' It  =  12  ‘>00  cm-1  in 
the  computed  spectrum;  the  resolution  is 
1.1X10-2  cm-1. 

(1)  Computed  the  1024  A’ samples  Fourier  transform 
(the  last  locations  being  filled  with  zeros  as  explained 
above).  The  primary  spectral  sample  separation  is 
to,,  =  0.1 192091  S9;>.->  X 10**2  cm  ~ 1 . 

(2)  Computed  the  interpolated  secondary  spectral 
samples;  their  separation  is  toe  =  0.23S4 1  S,">79 X  10~' 
cm-1. 

(3)  Computed  t ho  line  (tosition.  The  results  are 
summarized  in  Table  6-2. 


Tabic  0-2.  I.inc  Position 


2  Acr 

(liven 

Measured 

in  cm-1 

wavenumber 

wavenumber 

000 

4999.9900 

4999.9!>99997S6 

Oil 

*>000.000 

4999.!Kf99997S(i 

0.20 

*4X)0.0:>09 

4fKHf.999t)997S(i 

0.01 

.aOOO.OOOO 

.*>000.000000070 

0.02 

.*>000.0000 

:>ooo.ooooo(X)is 

0.04 

*>000.0 too 

4999.9tH.K)997S0 
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6-6.3  Equivalent  Widths 

The  measurement  is  performed  within  the  range 
on  each  side  of  the  line  axis  as  defined  by  the  pre¬ 
vious  result.  Figure  6-43  illustrates  the  absorption 
line  case.  Three  parameters  have  to  be  found: 

(1)  The  average  background  Bm  ;  it  is  defined  as  the 
average  of  the  highest  intensities  found  to  the  right 
and  left  of  the  line  within  range  2  Atr3. 

(2)  the  area  S  of  the  line  below  the  background. 

(3)  the  equivalent  width  (width  of  an  equal  area 
rectangle)  (Figure  0-44). 

The  FFT  and  interpolations  are  performed  in 
single  precision  since  they  provide  the  spectral  in¬ 
tensities.  The  computation  of  the  line  positions  uses 
double  precision.  We  see  the  final  error  is  of  the  order 
of  3X10~‘  cm"1  or  an  accuracy  of  l.GXIO10.  Thus, 
computational  errors  are  actually  negligible;  the  best 
experimental  results  so  far  showing  a  10~4  cm-1  error. 

In  order  to  make  the  full  operation  automatic  we 
should  not  even  ask  the  observer  to  detect  the  lines. 
Another  program  (not  yet  routinely  used)  has  ’  een 


Figure  6-44.  Equivalent  Width  Measurement 


written  which  computes  the  second  derivative  of  the 
spectrum,  thus  eliminating  the  sle  w  background  level 
fluctuations.  Figure  6-45  shows  the  result  for  a  I<  H3 
absorption  band.  Any  ordinate  above  a  given  ruction, 
say  10  percent  of  the  overall  maximum,  is  taken  as 
an  indication  of  the  presence  of  aline;  tl  ^  line  portion 
program  is  then  used. 


Figure  0-15.  Second  Derivative  of  an  ICHj  Spectrum 
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Appendix  A 

Hermitian  Function 


An  Hermitian  function  is  defined  by 


Its  FT  is  real  since 


H(r)~H*(-r). 


k(6)=J+*  (*-i+JB)e2r'rlrfr- 


It  is  a  complex  function  with  an  even  real  part  and 
an  odd  imaginary  part. 


I1r  =  A+jB,  A  is  even,  B  is  odd. 


The  real  part  is  lTro,.l-l'T,in/i. 

The  imaginary  part  is  lT,in  .1  +  FT»«  /i  0. 

Inversely,  the  IT  of  a  real  function  is  Hermitian. 


Appendix  B 
FFT  of  an  Even  Real  Function 


In  the  case  of  an  even  real  function  /*  with  ami  we  define  the  Hermitian  function  lit  by 

A«(0,  1 . 2.V-1) 


h  m  h\-i- 

/.v_*.  A«(  0,  1,.  .  .  ,  A*  —  1). 


We  shall  define  by 


lit  *  §(f»t  +  t».v_t). 


Gx -t  *  / 2.V _2t  —  1 1 2.V-3*  4  1 
■  lik-il-n-i. 

//»  "  /2t  +  .,  (/ji+l  ~  / 21 -|I- 


(•k  ~  /;.+</ 2t  f  | 


MO.  1 _ -V  —  1) 
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Ixtt!..-  I  T  of  II  k  bo  called  Kr. 


Kr 


t-.V- 1 

■  E 

4-0 


//*n - 


K,-r=  E  hW™ 

kwml) 

o-We"‘  /2c+,ir2rt. 

-  A-0 


On  the  other  hand  the  I)FT  Br  of  /*  can  be  written 


It  is  possible  to  compute  the  FT  of  an  Ilermitiau 
function  II k  with  -V  complex  terms  from  the  A’  J 
complex  terms  of  function  F  derived  from  //*. 


Kr=  Z  1  /..JF-r<  +  '  k~Z  * 

A  —  i*  -  4  -0 

4  •*  .V  —  I 

=  E  /atirsrt 

4  ~  O 

+  '  u-ir8')1 "if*  /3*^.irsr*- 

*  -i] 


1-2.V-1 

«,=  E  /*»"*, 

*-o 

Hr= 'if1  /at»'2r*+1  E  ' 

t-0  t-0 


We  can  now  compute  the  .Y  real  samples  of  IF 


/fr  =  4(A'r+A'.v_A+ 


Kr  —  Kx-r 

.  vr 
sm  ^ 


r(0,  1, . . . ,  A’—  1) 


♦ 
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Abstract 


Current  developments  in  infrared  sources  and  detectors  are  discussed  with 
relation  to  their  impact  on  the  future  of  Fourier  spectroscopy.  References  are 
given  as  a  guide  for  further  study. 


7-1  INTRODUCTION 

I  believe  that  the  pace  of  change  in  infrared 
techniques  is  increasing.  Spectroscopists  are  becoming 
interested  in  new  kinds  of  problems  that  place  heavy 
demands  on  infrared  apparatus.  Partialiy  because  of 
these  new  problems,  scientists  from  other  disciplines 
are  becoming  increasingly  interested  in  the  infrared 
and  are  bringing  their  expertise  and  ideas.  The 
interest  in  infrared  astronomy  is  only  one  example  of 
this  trend.  New  developments  in  infrared  sources 
and  detectors  on  the  horizon  could  radically  change 
the  experimental  situation  in  the  next  few  years.  In 
these  notes,  I  discuss  several  current  developments 
that  could  prove  important  to  the  future  of  Fourier 
spectroscopy.  References  to  review  articles  and  to 
relevant  new  work  are  given  as  a  guide  for  further 
study. 

7-2  SOURCES 

The  now  conventional  sources  of  infrared  radiation 
for  laboratory  spectroscopy  include  the  glow-bar  or 
Hg  arc  plus  grating  monochrom;  r  or  Fourier 
interferometer.  It  is  useful  to  think  of  both  together 
as  the  source,  because  it  is  the  continuous  nature  of 
the  lamp  emission  that  necessitates  the  use  of  the 


monochromator  or  interferometer.  We  may  expect 
to  replace  both  when  a  new  source  is  found.  This  is 
certainly  true  when  one  of  the  many  infrared  gas 
lasers1  is  used  as  a  spectroscopic  source.  Because  of 
the  lack  frequency  tunabilitv  those  lasers  have  had 
limited  impact  on  infrared  spectroscopy.  Only  in 
specialized  problems,  such  as  magnetic  resonance  in 
solids,  where  the  effect  under  observation  can  be 
tuned,  has  the  development  of  fixed-frequency  infrared 
gas  lasers  been  useful  for  this  purpose.  On  the  other 
hand,  light  scattering  spectroscopy,  which  does  not 
require  source  tunabilitv,  has  prospered. 

New  types  of  laser  sources  are  now  being  developed, 
using  the  techniques  of  non-linear  optics,  that  provide 
tunable  monochromatic  radiation  over  a  wide  range 
of  infrared  frequencies.  Continuous  tunability  is  now 
available  from  1  to  beyond  250  cm-1  and  over  certain 
higher  frequency  bands.  When  fully  developed,  this 
class  of  sources  could  make  the  monochromator  or 
Fourier  spectrometer  obsolete  for  laboratory  infrared 
spectroscopy. 

These  new  sources  depend  on  the  ability  of  a  non¬ 
linear  optical  material  to  generate  sum  and  difference 
frequencies,  v3  =  vi±v2,  when  two  intense  sources, 
tq  and  e2,  are  present.  In  general,  we  consider  three 
interacting  waves  with  frequencies  (energies)  iq,  v2, 
and  v3,  and  ^-vectors  (momenta)  Iq,  lc2,  and  k3. 


Preceding  page  blank 


Moth  i‘!irruy  ami  momrntum  run-iTvation  arc  re¬ 
quired.  Momi'tiMim  conservation  depends  on  the 
index  of  refract  ion  of  the  (anisotropic)  non-linear 
crystal,  so  efficient  non-linear  processes  will  only  occur 
for  a  specific  relationship  between  frequencies, 
polarizations,  and  directions  of  propagation  with 
respect  to  crystal  axes. 

far  infrared  difference  frequency  generation  was 
first  demonstrated  by  Zernikc  and  Herman.2  They 
detected  a  difference  frequency  v3~100  cm""1  when 
two  frequency  components,  iq  and  <»f  a  broad  band 
Xd  glass  laser  were  mixed  in  a  quartz  crystal.  Recent 
experiments  by  Richards  ct  id.'1  have  found  that  the 
stability  and  power  output  of  this  system  can  be 
improved  dramatically  by  mode-locking  the  Xd  laser. 
Maries  et  al.4  have  demonstrated  that  continuously 
tunable  difference  frequency  pulse--  with  10  W  peak 
power  can  be  obtained  over  the  frequency  range  from 
1  to  ~o()  cm-1  by  using  two  temperature-tuned  ruby 
lasers  as  sources.  Lithium  niobate  has  replaced  quartz 
as  the  non-linear  crystal  in  most  of  these  experiments . 

Another  difference  frequency  generation  scheme, 
which  is  tunable  iu  steps  of  ~1  cm-1  from  ~  1  to 
~lf»0em~1,  uses  two  repetitively  (^-switched  C()2 
lasers  operated  on  various  rotational  components  of 
the  lines  around  !)  to  10 ju.  Semiconductors  such  as 
InSb  or  C.SaAs  are  used  for  non-linear  mixers.  Their 
cubic  structure  prevents  the  usual  method  of  phase 
(momentum)  matching  by  crystal  orientation.  Wave¬ 
guide  induced  anisotropy,  or  modification  of  the  free 
carrier  contribution  to  the  index  by  temperature  or 
magnetic  held,  permits  phase  matching  over  part  of 
the  potentially  useful  frequency  range.5  1 

Yarborough  et  al.8  have  produced  continuously 
tunable  radiation  from  off  to  lot)  cm  ''  h\  a  parametric 
procedure  in  LiXbt  );|.  A  single-pulsed  ruby  laser  with 
frequency  iq  enters  a  crystal  phase-matched  to  favor 
its  splitting  up  into  two  beams,  i>.,  and  c;t,  that  satisfy 
the  requirements  t'i=c2  +  c;t  and  k|  =fc2  +  k;i.  The 
low-frequency  signal  frequency,  c:1,  generated  is  tuned 
by  rotating  the  crystal. 

We  e  >n  see  from  the  dates  of  referenced  publica¬ 
tions  that  tunable  difference  frequency  generation  has 
been  developing  vt  ry  rapidly.  The  availability  of 
organic  dye  lasers  that  can  be  tuned  over  the  whole 
visible  spectrum  lets  us  speculate  that  continuously 
tunable  difference  frequency  generators  for  the  entire 
infrared  range  will  soon  be  available.  If  such  devices 
prove  simple  and  reliable,  they  may  replace  presently 
used  techniques  (including  Fourier  spectroscopy)  for 
laboratory  absorption  measurements. 

7-3  DETECTORS 

Improvements  in  detectors  natu  illy  affect  both 
laboratory  absorption  spectroscopy  and  the  measure¬ 
ment  of  emitting  sources,  whether  in  the  laboratory, 
the  atmosphere,  or  beyond.  I  expect  this  development 
to  be  fully  as  rapid  as  the  progress  of  sources  discussed 
above.  The  properties  of  the  best  available  sources 
have  a  direct  effect  on  the  usefulness  of  Fourier 
spectroscopy.  If  the  thruput  requirements  are  not 
large,  only  the  multiplex  advantage  favors  Fourier 


spectroscopy  over  the  diffraction  grating.  This 
advantage  is  realized  only  if  the  experiment  is  detec¬ 
tor-noise  limited.  Developments  in  infrared  detectors 
could  therefore  bring  the  simpler  more  robust  grating 
instrument  back  to  the  forefront. 

In  order  to  illustrate  some  possibilities  for  infrared 
detector  development,  1  will  discuss  first  some 
potential  improvements  in  the  He  temperature 
bolometer  and  then  describe  a  new  type  of  detector 
based  on  Josephson  tunneling  between  two  super¬ 
conductors.  These  two  topics  by  no  means  exhaust 
the  possible  developments,  but  serve  to  illustrate  the 
growing  in  portanee  of  the  techniques  and  materials 
of  low-temperature  physics  on  the  detection  of  infra¬ 
red  radiation. 

The  most  generally  useful  modern  infrared  detector 
is  the  fie  bolometer  operated  at  pumped  He  tem¬ 
perature.  These  bolometers,  first  described  by  Low,9 
have  been  used  by  many  workers.  Such  bolometers 
are  often  limited  by  room  temperature  background 
radiation  noise  in  the  near  infrared  (BLIP  condition), 
but  never  in  the  far  infrared.  A  recent  development 
of  great  interest  is  the  report  by  Drew  and  Sievers10 
of  a  (ie  bolometer  cooled  by  a  He3  refrigerator  with  a 
sink  temperature  of  0.37°  Iv.  The  importance  of 
lowering  the  heat-sink  temperature  below  the  usual 
1.0  to  l.f>°  Iv  obtainable  from  He4  is  illustrated  by  a 
calculation  done  by  the  author11  that  shows  that  if 
the  bolometer  parameters  are  optimized  at  each  value 
of  heat-sink  temperature,  the  noise  equivalent  power 
varies  approximately  as  T3.  This  result  is  valid  if 
the  limiting  noise  is  low-temperature  Johnson  noise 
or  thermal  fluctuation  noise,  but  not,  of  course,  if  the 
limiting  noise  comes  from  the  signal  or  background 
radiation. 

Thus,  a  typical  large  (~h  mm3)  (To  bolometer  for 
far  infrared  use  with  a  sink  temperature  of  1.1°  K  and 
XKlffvlO-12  W  \  Hz  would  correspond  to  ~3X 
10-14  W/\  'Hz  at  0.37°  K  (Drew  and  Sievers  result) 
and  ~4X  10~,s  W/'\  Hz  at  .02°  Iv.  A  temperature  of 
20  mK  or  less  can  be  reached  by  reliable  (if  trouble¬ 
some)  techniques  of  modern  low-temperature  physics, 
such  as  IIe3-He4  dilution  refrigerators  or  adiabatic 
demagnetization.  The  NLP  varies  as  the  square  root 
of  the  bolometer  volume11  so  that  our  example  of  a 
(i-mni3  bolometer  for  use  in  a  far-infrared  spectrometer 
lias  a  limiting  NKP  at  least  a  decade  larger  than  a 
bolometer  just  large  enough  to  sec  a  diffraction- 
limited  near-infrared  image. 

No  one  lias  constructed  such  a  millidegree  bolom¬ 
eter  or  even  found  the  concentration  of  dopants  in  C>e 
required  for  one,  but  there  is  an  excellent  chance  of 
success  for  anyone  willing  to  take  the  trouble.  The 
advantages  in  going  to  lower  temperatures  apply  with 
small  quantitative  differences  to  any  bolometer.  It 
may  be  that  they  will  be  easier  to  realize  with  super¬ 
conducting  bolometers  or  other  kinds.  Certainly  the 
superconducting  bolometer  has  not  yet  been  operated 
in  a  fully  developed  form.12  The  often  quoted 
difficulty  of  regulating  the  temperature  adequately  to 
remain  on  the  superconducting  transition  lias  been 
solved  by  modern  low-temperature  techniques. 


11!) 


A  radically  different  type  of  detector  that  shows  mixers.  Since  Josephson  currents  respond  to  rf 

great  promise  is  based  on  the  supercurrents  or  voltages  at  frequencies  as  high  as  101 2 3 4 5 6 7 * 9 10 11'*  Hz.  we  can 

Josephson  currents  that  tunnel  through  a  thin  oxide  seriously  consider  constructing  a  heterodyne  infrared 

barrier  between  two  superconductors.  This  Joseph-  detector  with  a  bandwidth  of  several  cm-1.  One  of 

*  son  effect  is  one  of  the  most  complicated  and  interest-  the  tunable  laser  sources  discussed  above  could  be 

ing  phenomena  of  modern  solid  state  physics. 1,1  For  used  for  the  local  oscillator. 

the  present  discussion,  we  only  .point  out  that  the  In  their  present  form  such  detectors  suffer  seriously 

current  is  the  sine  of  the  time  integral  of  the  voltage  from  a  poor  match  to  the  incoming  radiation.  If  the 

I~Io  sin  [/*  2cV(F)  dl'/h-\-<t>o\-  This  highly  non-  impedance  match  problem  can  be  solved  and  corn- 

linear  current-voltage  relation  allows  us  to  construct  parable  sensitivity  obtained  at  high  frequencies  to 

a  number  of  useful  devices.  For  example,  if  a  dc  that  obtained  for  dc  magnetic  fields,  XEP’s  in  the 

voltage  V„  is  applied,  we  have  a  quantum  oscillator  It)-20  W/x/lIz  region  are  possible.  Such  devices 

with  frequency  v  =  2  eVo/h,  that  is,  484  GHz  per  mV.  could  count  single  microwave  or  infrared  photons.1  '■ 18 

Grimes,  Richards,  and  Shapiro14  showed  that  such  a  In  summary,  it  seems  probable  that  developments 

tunnel  junction  could  be  u.wd  to  make  a  broad  band  in  infrared  technology,  either  in  sources  or  detectors, 

far  infrared  detector  with  NEP~5X10-14  W/\/Hz.  will  strongly  affect  the  future  usefulness  of  Fourier 

Richards  and  Sterling15  have  constructed  a  narrow  spectrometers.  Infrared  techniques  are  unlikely  to 

band  regenerative  receiver  in  the  far-infrared  with  remain  as  static  in  the  next  decade  as  they  have  in  the 

peak  NEP<10~14  W/\/Hz.  Grimes  and  Shapiro1*’  past, 

have  shown  that  Josephson  junctions  make  good 
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High  Resolution  and  l^igh  Information 


Fourier  Spectroscopy 


Pierre  Conne* 

Laboratoire  Aim«  Cotton 
C.N.R.S.  Orsoy,  Franco 


Abstract 


A  summary  <>f  tho  Fourier  spectroscopy  work  at  Aim6  Cotton  Laboratory  is 
presented.  The  original  goal  of  computing  10''  samples  spectra  for  high  resolution 
wide  spectral  range  work  in  the  near  infrared  has  at  last  been  reached;  other 
problems,  iu  particular  planetary  and  stellar  spectroscopy,  have  been  tackled  on 
the  way. 


8-1  INTRODUCTION 

When  Fourier  spectroscopy  work  began  et  Labora¬ 
toire  Aime  Cotton  in  I'.I.Vl  under  the  direction  of 
I*.  Jacquinot,  the  chief  aim  was  the  analysis  of  poorly 
understood  atomic  emission  spectra,  lor  most  of  the 
elements,  the  visible  region  had  been  extensively 
studied  by  photographic  or  photoelectric  techniques; 
it  was  hoped  Fourier  spectroscopy  would  improve  the 
results  and  extend  them  to  the  infrared. 

From  the  very  start,  the  laboratory  had  great  con¬ 
fidence  that  high  resolving  power  and  high  accuracy 
of  wavenumber  measurements  could  be  obtained 
(after  all.  Michelson  had  done  it  already)  and  would 
prove  the  main  attractions  of  the  technique.  How 
large  a  spectral  domain  could  actually  be  treated  in 
this  way  appeared  quite  unpredictable;  and  in  order 
to  better  the  Fabry  I’erot  etalon  and  grating  spec¬ 
trometers  boll:  high  resolution  and  wide  spectral 
coverage  were  needed  at  the  same  time.  This  .Michel¬ 
son  had  not  done! 

Two  classes  of  problems  had  to  bo  solved;  they  can 
be  listed  under  recording  and  computing. 

8-2  INTERFEROMETERS  AND  RECORDING 

One  of  the  main  advantages  of  Fourier  inter¬ 
ferometric  spectroscopy  is,  of  course,  the  multiplexing 


property,  although  other  systems  can  multiplex  in 
principle  as  well. 1  The  theoretical  gain  relative  to  n 
scanning  technique  is  easy  to  define;  if  .1/  spectral 
elements  are  studied,  recording  time  can  be  reduced 
by  a  factor  .1/,  or  signal-to-noise  ratio  can  be  improved 
by  \M,  etc.*  Klementary  considerations  show  how 
the  gain  is  much  reduced  in  the  photoemissive  receiver 
range. •'  Unfortunately,  non-fundamental  factors 
should  also  be  considered.  In  principle,  the  Fourier 
inversion  process  gives  perfect  discrimination  be¬ 
tween  spectral  elements,  however  large  M  is.  In 
practice,  interferogram  distortions  due  to  source 
intensity  or  recording  system  fluctuations,  non-lineari¬ 
ties,  etc.,  produce  random  systematic  spectrum  distor¬ 
tions;  these  invariably  increase  with  M. 

A  “quality  factor”  Q  should  be  considered  for  each 
Fourier  spectrum  and  plays  as  important  a  role  as  the 
multiplexing  factor  M.  Q  is  simply  the  ratio  between 
the  total  energy  available  in  the  spectral  range  and 
the  minimum  detectable  energy  in  the  spectrum,  that 
is.  the  energy  of  a  single  line  whose  intensity  is  equal 
to  the  rms  noise.  One  can  consider  either  an  emission 
or  an  absorption  line,  but  its  width  must  be  negligible 
(smaller  than  the  resolution).  The  noise  must  be  the 
actually  measured  noise  (from  differences  between 
successive  spectra,  or  from  the  measured  fluctuations 
iu  regions  of  known  zero  intensity),  and  not  computed 
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from  source  energy  and  detector  NEP  for  instance. 
Tlius,  all  causes  of  error  are  included. 

The  Q  factor  can  be  written  as 


Q  =  M 


(8-1) 


where  Bm  is  the  mean  spectral  energy  over  the  free 
spectral  range  and  Nm  is  the  rms  noise.  No  simple 
considerations  can  be  used  to  predict  Q,  although,  of 
course,  in  each  case  photon  noise  would  provide  an 
upper  limit. 

The  actually  recorded  Q  depends  first  on  source 
fluctuations.  Easy  problems  include  (for  instance) 
laboratory  absorption  spectra;  difficult  cases  include 
many  emission  sources  and  all  astronomical  ones, 
because  of  turbulence.  However,  suitable  recording 
techniques  can  greatly  improve  Q  for  a  given  source; 
this  is  the  whole  story  of  astronomical  Fourier  spec¬ 
troscopy.  The  factor  M  indicates  the  gain  to  be  real¬ 
ized  in  principle  from  multiplexing;  but  unless  enough 
care  is  used,  Q  will  not  be  increased  sufficiently  and 
the  results  will  be  uselessly  spoiled. 

In  short,  M  measures  the  profit  and  Q  the  labor. 
We  had  no  inkling  in  those  early  days  of  the  labor 
involved,  or  we  would  have  turned  to  easier  problems. 
The  main  steps  shall  be  briefly  recalled.  On  the  way 
to  the  original  goal,  altogether  different  problems 
were  tackled  first,  and  techniques  initially  developed 
for  one  reason  were  kept  for  another. 

The  first  interferometer  involved  no  new  features. 
It  was  used  on  night  sky  emission;4  the  intcrferogrnms 
were  pen  recorded  and  then  sampled  by  hand  and  eye. 
The  maximum  was  .V-0000  input  samples  and  re¬ 
solving  power  was  2000.  This  problem  was  excellent 
for  beginners;  it  ’•'•is  one  in  which  a  large  gain  could 
easily  be  realized  elementary  techniques,  simply 
because  the  results  given  by  grating  s|M’Ctrometers 
were  so  poor  (It - 150  at  l.tig). 

The  three  main  features  of  the  interferometers 
developed  during  the  next  years  were  cat’s  eyes  retro- 
reflectors,  step-by-step  recording  with  interferometric 
servo  control,  and  internal  modulation. 

Cat’s  eyes  retroreflectors"'7  were  originally  con¬ 
sidered  the  easiest  solution  to  the  misadjustment 
problem.  Today,  with  the  ex|>orience  gained  in  servo 
controlling  path  difference,  a  classical  plane  mirror 
Michelson  with  parallelism  servo  control  added  is 
preferred.  However,  the  small  mirror  in  the  cat’s  eye 
can  easily  be  sup|>ortcd  by  a  piozoelectic  ceramic  and 
provides  a  very  convenient  way  of  increasing  the  path 
difference  servo  speed  and  of  producing  internal 
modulation. 10,12 

Step-by-step  recording  with  interferometric  servo 
control  was  initially  developed  because  of  the  economy 
of  sampling  jKtints  obtained  in  this  way,  continuous 
scan  techniques  need  oversampling  to  obtain  the 


optimum  signal-to-noise  ratio.5  When  the  astronomi¬ 
cal  interferometer  was  built  (llMid)  the  largest  number 
of  samples  A',:iax  that  could  be  transformed  in  practice 
was  of  the  order  of  104;  if  oversampling  had  been  used, 
there  would  have  been  no  hope  of  exceeding  grating 
spectrometers  (in  the  case  of  bright  stars  or  planets) 
since  thev  already  gave  resolving  powers  of  the  order 
of  2-103.  ‘ 

Huge  improvements  in  computing  Fourier  trans¬ 
forms  have  taken  place  since;  this  means  it  has  become 
quite  easy  to  oversample  in  most  cases.  One  would 
not  bother  today  to  reduce  the  number  of  samples  to 
the  minimum  sampling  theorem  figure  for  .V  less  than 
a  few  times  105;  nevertheless,  it  is  still  necessary  for 
N>  10*’,  which  corresponds  to  the  present  state  of 
the  art. 

However  the  stepping-recording  technique  has  in 
the  meant.  •  proved  of  unequalled  accuracy  in  in¬ 
strumental  line  shape  definition,  spectrum  reproduci¬ 
bility  0,7  and  wavenumber  precision.10  The  possibility 
of  interrupting  or  slowing  down  the  recording  has 
proved  invaluable,  especially  in  the  astronomical 
case. 0-8,11 

The  internal  modulat’  n  technique  was  imagined 
by  Mertz13  but  was  dro,  ped  in  favor  of  “fast  scan¬ 
ning”  with  later  “coherent  adding.”14,15  While  well 
suited  to  the  low  N  problems,  fast  scanning  could  be 
extended  to  high  N  only  with  disk  or  drum  storage 
devices  and  would  lose  much  of  its  original  simplicity. 

Internal  modulation  was  developed  only  when  the 
laboratory  became  interested  in  astronomical  applica¬ 
tions,'1  since  the  improvement  is  large  mainly  when 
a  fluctuating  source  with  a  more  or  less  1// spectrum 
is  observed.  However,  it  proved  so  convenient  that  it 
is  now  used  in  all  cases.10,12  With  internal  modula¬ 
tion,  recording  time  is  unlimited  and  no  adding  of  the 
intcrferogrnms  is  required.  The  modulation  frequency 
which  best  suits  the  detector  or  the  problem  can  be 
selected  at  will. 

A  last  remark  on  a  generally  misunderstood  point 
should  be  added  here.  The  so-called  dynamic  range 
problem  in  Fourier  spectroscopy  does  not  exist  and 
the  simple  and  obvious  technique  of  changing  the  gain 
after  the  signal  amplitude  has  dropped8,12  makes  it 
possible  to  cope  with  the  worst  cases.  It  is  equivalent 
to  using  coarser  quantization  levels  for  the  central 
peak;  the  errors  are  found  totally  negligible  in  practice. 


8-3  COMPUTING 

We  were  at  first  very  slow  to  understand  the  value 
of  purely  digital  Fourier  transformation,  and  turned 
to  general  purpose  computers  only  after  (lebbie  pre¬ 
sented  his  first  >, >ults"‘  at  the  19'>7  Bellevue  con¬ 
ference.  However,  computers  seemed  usable  only  for 
transforming  a  few  thousand  samples;  so  continued 
work  on  a  special  purpose  hybrid  computer  proved 
to  be  a  “blind  alley."  This  seemed  the  only  way  of 
reaching  our  goal,  the  transformation  of  10"  samples 
The  instrument  should  .have  provided  the  result  in  the 
incredibly  short  time  of  just  a  few  days!  (The  latest 
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I'.tTO  ‘digital  computer  figure  is  ()  min.)  The  electronic 
part  w:  actually  built  and  worked  quite  well;1'  how¬ 
ever.,  operation  implied  (he  rather  naive  assumption 
that  a  magnetic  tape  loop  could  he  rotated  perhaps 
It)'1  times  without  wear  and  the  actual  results  were  a 
(treat  shock.  When  this  stage  was  reached,  small 
magnetic  drums  were  becoming  available,  but  purely 
digital  computation  techniques  had  progressed  with 
giant  strides  and  the  system  was  abandoned. 

The  successive  steps  in  the  development  of  pro¬ 
gramming  general  purpose  computers  were  described 
by  .1.  ( ’urines  in  Chapter  l>  (see  Figure  S-l).  Kaeh  step 


Figure  S-t.  Time  in  Seconds  for  Transforming  lO* 
Samples  as  a  Function  of  Days  to  the  ,\s|ien  Meeting 


was  eagerly  awaited  and  immediately  put  to  use. 
During  t lie  first  astronomical  observations  of  litfiti,  a 
large  number  of  rolls  of  paper  tape  of  up  to  IKMXX) 
samples  piled  up  with  no  means  of  computing  the 
complete  spectra  (consisting  of  (X), (XX)  samples).  The 
extension  of  the  (’ooley-Tukey  fast  Fourier  transform 
method  to  large  numbers  of  samples  (greater  than  the 
central  storage  capacity)  saved  the  situation  shortly 
after  the  observat  ions. 

Fast  access  to  the  computer  has  always  been  a 
major  wish.  \  telephone  line  transmission  was  used 
during  tin*  astronomical  observations;*  computation 
of  a  spectrum  slice  at  maximum  resolution  was  ob¬ 
tained  about  au  hour  after  the  end  of  the  recording. 
This  seemed  wonderfully  fa>t,  but  still  most  of  the 
time  was  spent  handling  paper  or  magnetic-tapes,  or 
lighting  traii'iui"ion  error--  and  not  in  computing. 
"False"  real  time  computation  was  also  nv-d;  a  low 
resolution  spectrum  was  computed  from  the  initial 


portion  of  the  interferogram  and  the  results  were 
transmitted  to  the  observer  before  the  end  of  the 
recording. 

This  technique  was  largely  responsible  for  the  suc- 
eess  of  these  observations  and  for  a  time  this  appeared 
to  be  the  way  of  the  future.  However  it  gets  far  too 
expensive  when  a  large  number  of  samples  must  be 
transmitted  -unless  one  has  the  rare  luck  of  operating 
close  to  a  willing  large  computer. 

Small  general  purpose  computers  have  since  be¬ 
come  common  and  have  been  successfully  programmed 
for  real  time  operation  (Bras  et  ul.  at  the  Aspen 
Conference).  They  cannot,  however,  handle  our  large 
amount  of  data;  more  precisely  they  are  not  fast 
enough  for  high  input  data  rates.  Now,  again,  the 
ultimate  solution  appears  to  have  been  found.  The 
integrated  circuits  revolution  has  opened  entirely  new 
possibilities,  and  even  a  laboratory  which  is  not 
basically  computer  oriented  can  now  build  its  own. 
The  real  time  classical  Fourier  transform  computer 
was  constructed  by  G.  Michel  who  will  give  the 
description  (Chapter  33).  At  long  last  the  virtues  of 
digital  techniques,  and  this  is  a  completely  digital 
system,  are  thoroughly  convincing.  The  main  features 
are:  1)  a  basic  computation  time  of  10-(i  sec/input 
point/output  point,  which  makes  it  about  103  times 
faster  than  a  “small”  general  purpose  computer  pro¬ 
grammed  for  the  same  problem;  and  2)  a  maximum 
output  capacity  of  20,000  spectral  samples  (when 
complete),  with  no  limitation  on  input  capacity. 

This  computer  is  used  for  real  time  checking  of  a 
spectrum  slice;  both  extended  or  simplified  versions 
could  be  built  for  problems  differing  from  ours. 


8-4  RESULTS 

The  greater  part  of  the  effort  lias  been,  rather  un¬ 
expectedly.  devoted  to  astronomical  sources.  The  fast 
inter!'  rometer  built  and  used  in  collaboration  with 
the  Jet  Propulsion  Laboratory,  featured  ">  cm  carriage 
displacement  (0.1  cm-1  resolution)  and  a  maximum 
sampling  speed  of  o  samples/sec,  which  meant  that 
tX).(MX)  samples  could  be  recorded  in  about  3  hours. 
This  turned  out  to  be  the  practical  limit,  partly  be¬ 
cause  of  the  computing  facilities.  The  spectral  range 
Inch  can  be  computed  from  one  interferogram  is 
then  3000  cm-1  when  working  at  0.1  cm-1  resolution. 

An  improvement  of  at  least  100  in  resolving  power 
was  realized  on  Venus,  Mars,  and  Jupiter  compared 
to  the  best  grating  spectra;*1,27  an  elementary  cal¬ 
culation  shows  that  grating  spectrometers  would  have 
required  an  increase  of  l()10  in  recording  time  to  do 
the  same.  Scientific  results  include  the  detection  of 
HF.  IKT,  and  CO  on  Venus  and  CO  on  Mars,1’*  20 
improved  knowledge  of  their  atmospheres  22  23,24 
and,  also  unox|M>ctedly.  of  the  COj  molecule  itself.25 
The  complete  spectra  of  Venus,  Mars,  Jupiter,  and 
Saturn  have  been  published  in  atlas  form211  (Fig¬ 
ure  N-2).  The  spectra  of  a  few  bright  eoo!  stars  have 
also  been  studied,  and  the  technique  apjH'ai  s  powerful 
for  the  study  of  stellar  atmospheres*8,2' ■ 3  0,ai  and 
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Figure  8-2.  One  Page  of  Near  Infrared  Planetary  Atlas88 


radial  velocities.32  In  Figure  8-2.  the  scale  is  in 
vacuum  wavenumber;  line  position  measurements  can 
be  done  from  the  plates  to  10~2cm_1  and  from  the 
digital  data  to  10~3  cm-1.  In  the  upper  part,  is 
the  solar  spectrum,  and  Fj,  F2  are  Venus  spectra 
recorded  at  different  elevations.  Differences  bet\ve< 
F,  and  i’2  indicate  telluric  lines.  In  Q j,  the  ratio  o. 
I’l/^.t,  telluric  absorption  are  nearly  cancelled.  In 
the  lower  part,  S’a  is  the  solar  spectrum.  and  .1/ 1  and 
.1/ 2  are  Mars  spectra  recorded  at  different  elevations 
and  also  with  different  planetary  Doppler  shifts.  QA 
is  the  ratio  Mt/S'A.  All  planetary  lines  on  the  page 
are  due  to  C()2  bands;  their  intensity  is  much  greater 
on  Venus. 

The  second  generation  interferometer  has  been 
built  by  J.  I’innrd.8  10  Maximum  path  difference  has 
been  increased  by  a  factor  of  20  to  nearly  200  cn>;  the 
resolution  is  thus  o-10~3cm-1.  Since  the  speed  of 
operation  and  maximum  number  of  .-ample.*  were 
about  the  same  as  for  the  first  instrument,  the  spectral 
range  covered  from  one  interferogram  was  20  times 
smaller,  or  about  loOcm-1.  This  is  too  small  for  the 
original  line  emission  problem;  the  instrument  was 
mostly  used  on  laboratory  absorption  s|>eetra.  A 
sizable  gain  in  resolving  [tower  was  realized  compared 
to  the  best  grating  spectrometer  results;  furthermore, 
all  the  techniques  used  in  this  interferometer  could 
readily  be  extended  t-  larger  path  differences  if  the 
need  anise.  Thus,  instruments  of  this  typo  represent  >» 
final  step  in  the  spectroscopist's  long  quest  for  ever 
increasing  resolving  [lower. 


The  gain  in  wavenumber  accuracy  is  oven  greater 
(1.2X10-4  rms  error  vs  2.1  X10-3).  For  lack  of  a 
long  path  cell,  studies  have  been  restricted  ‘<>  a  few 
very  absorbing  gases  (for  instance  CO,  N2(),  1CII8). 
The  spectra  are  analysed  bv  the  group  of  Professor 
H.  Amat  (Faculty  d  '  Se:i>noe*  de  Paris). 

The  recently  completed  third  generation  inter¬ 
ferometer12  is  described  In  0.  (iuclachvili  and 
J.  P.  Maillard  in  Chapter  12.  Since  there  npjteared  no 
pressing  need  of  increasing  the  reviving  [tower.  tin 
same  maximum  path  difference  was  kept;  however, 
the  s|ieed  of  the  stepping  drive  was  increased;  up  to 
200  samples/sec  could  be  recorded  while  keeping  the 
internal  modulation  (the  present  stepping  recorder 
gives  a  o0  samples  ’sec  limit).  For  sources  intense 
enough  to  justify  still  higher  spe.-ds,  internal  modula¬ 
tion  would  no  longer  b»-  useful  and  the  system  would 
ojieratc  in  the  fast  scanning  mode  (but  without  sub¬ 
sequent  adding  of  interferograms). 

Other  new  feature*  iuclv.de  larger  optirs  (Scm 
diameter  beam  size)  and  a  predominantly  digital 
servo  system  giving  much  smaller  minimum  stopping 
interval  (TiO  A )  and  more  freedom  in  the  choice  of 
free  spectral  range  and  anqilitude  of  modulation 

The  instrument  has  lx  *n  used  with  up  to  10W 
sample*,  which  is  not  supjxised  to  Is-  any  kiml  of  limit. 
Thi*  applies  again  to  minimally  *ampl  *l  interfero- 
grains.  that  is.  the  sample*  are  all  indc|K-ndent  ami  ac¬ 
tually  produce  10''  meaningful  .-[teelral  sample*.  With 
a  free  spectral  range  extending  from  0  to  I J  .000  cm*'1, 
the  resolution  is  ^  em- 1  (ajtttdizedl. 
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i  lie  first  tests  on  rare  earth  emission  spectra  have 
shown  a  quality  factor  C  of  3-10*.  Since  the  sources 
are  particularly  troublesome  and  much  work  could  be 
done  to  improve  them,  this  present  figure  is  again 
not  a  limit. 

In  this  manner,  the  original  program  has  at  long 
last  been  fullfilled.  From  a  single  recording  lasting  a 
few  hours  it  is  now  possible  to  obtain  essentially  all 
the  information  present  in  the  spectrum.  More  pre¬ 
cisely,  hypertine  and  isotopic  structure,  Zeeman 
patterns  and  line  width  and  shape  can  be  mea¬ 
sured  across  the  entire  infrared  range;  the  only  limi¬ 
tations  are  due  to  source  transmission  and  receiver 
characteristics. 

A  program  of  this  type  would  have  previously  in¬ 
volved  hundreds  of  different  Fabry  l’erot  or  SISAM*3 
recordings.  In  fact,  it  has  never  been  done  and 
analysis  was  always  limited  to  a  small  number  of 
bright  lines. 


8-5  CONCLUSION 

Only  technical  problems  have  been  solved,  and  this 
large  amount  of  information  is  of  course  only  what 
could  be  expected  from  properly  used  multiplex 
Fourier  interferometric  spectroscopy.  ’  How  much  of 
the  experience  will  be  valuable  to  others  is  not  clear; 
the  case  is  a  rather  extreme  one  and  most  Fourier 
spectroscopists  can  get  the  results  they  are  interested 
in  using  simpler  interferometers  and  recording  or 
computing  schemes.  However,  we  hope  to  have 
shown  that  the  advantages  of  high  resolving  power  and 
high  accuracy  of  wavenumber  measurement  across 
broad  spectral  ranges  are  actual  facts.  \s  a  conse¬ 
quence,  and  contrary  to  a  rather  common  belief, 
Fourier  spectroscopy  is  here  to  stay’  irrespective  of 
any  advance  in  the  infrared  detector  art,  and,  on  the 
contrary,  an  extension  of  the  technique  to  short  wave¬ 
lengths  is  a  most  likely  development. 
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9.  Fourier  Spectroscopy  at  the  Air  Force  Cambridge 

Research  Laboratories 


A.  T.  Stair,  Jr. 

Optica!  Physics  laboratory 
Air  Force  Cambridge  Research  laboratories 


Abstract 


Recent  and  previously  unpublished  results  of  measurements  using  Fourier 
spectroscopy  by  various  scientists  of  the  Optical  Physics  laboratory  art'  presented. 
A  major  portion  of  the  data  comprises  results  of  t lie  airborne  program  on  atmo¬ 
spheric  emission  and  transmission  of  the  atmosphere  obtained  at  altitudes  ranging 
from  8  to  12  km.  The  spectral  region  is  from  1  to  15  micrometers.  Spectra  obtained 
of  the  total  solar  eclipse  of  March  7,  1970,  are  included. 


9-1  INTRODUCTION 

A  primary  mission  of  the  Air  Force  Cambridge 
Research  laboratories  is  environmental  research. 
This  mission  is  directly  translated  by  the  Optical 
Physics  laboratory  >nto  measurements  of  the  infrared 
properties  of  the  atmosphere  ami  laboratory  studies 
of  atmospheric  species.  A  natural  m|tiircment, 
therefore,  is  also  tie'  continuous  pursuit  of  better 
spectroscopic  techniques,  such  as  Fourier  s|*ect  r  scopy . 
Generally,  the  problems  of  interest  d<»  not  require  high 
resolution  (A®  s.  1  cm-1)  but  rather  an-  *«»rr?/j/  Itmtlnl 
in  the  sense  of  time  available  and  source  brightness. 
Also,  wavelength  accuracy,  (minting  (held-of-vicw). 
anti  maximum  signal-to-noiso  are  very  im|mrtant. 
The  atmospheric  studies  can  be  hr  Arn  into  about 
four  categories-  (1)  thermal  (equilibrium)  properties 
studied  both  in  transmission  ami  emission;  i 2)  iron- 
thermal  properties  at  high  alt  it  nth's,  such  as  infrared 
chemiluniinesreuee;  (3)  auroral  emission**;  ami  (-1) 
artificial  perturbatioiis  such  as  high-allitutle  nurlear 
detonations 

Hie  prime  measurement  | tint  form  i<  a  four-engine 
jet  aircraft.  I\(*  I  -to,  3120.  with  an  altitude  ra|K«bility 


of  about  12  km  (40.000  ft)  and  a  maximum  mission 
time  of  about  10  hours.  This  aircraft  is  shown  in 
Figure  0-1.  The  extensive  m««lilica*ioii  of  this  airplane 
for  optical  measurements  ran  he  seen  in  the  large 
number  of  sperial  windows  installed  t  varjoii-  viewing 
angles.  A  major  effort  has  hern  the  development  of 
techniques  fur  using  Fourier  .sjiectru'fupy  in  surii  a 
hostile  environment  of  vibration,  tenqierafure  varia¬ 
tions,  ami  electrical  noise 

9-2  SPECTRA  OF  HOT  AIR  FROM  A  HIGH  ALTITUDE 
NUCLEAR  DETONATION 

The  first  successful  measurement'  u*ing  i  ’ter* 
ferometer  spectrometer*  onboard  the  aircraft  'ere 
mad- *  (luring  the  lugii-altitude  nurlear  tes.  series 
eoiidurted  by  the  Fluted  States  in  |5H>2,  11  1*.  <  lauvtn. 
Chief  of  the  Radiation  1.  fleets  llraneh  *d  the  Opt  teal 
Phvsics  |,al>oratorv,  h  *<  the  primat'  re*ji»ii*tbi‘ity 
f*»l  these  llehl  efTml*  wring  the  |\i  J.t.»  At  lost  't 

might  se.-m  that,  of  all  thing',  measurements  of  a 
nurlear  detonation  should  certainly  n**t  In-  «•»»« r*j;, 
hmtltil  ami  then-fore  not  need  the  advantage*  of 
Fourier  sJ«ertn»*Cop\  .  Nevertheless.  It  hap|«-m'<t  in 


Figure  9-1.  Photograph  of  the  AFCRL  Optical  Aircraft,  KC-135 


the  reverse:  A  largo  f  •*  Fbert-Fastie  spectrometer 
with  a  50-cm  diameter  mirror  and  20  X  30-cm  grating, 
which  barely  went  through  the  cargo  door  in  two 
pieces,  obtained  no  data  at  all.  In  contrast,  small 
interferometers  with  1-crn  diameter  mirrors  (the 
original  Block  Engineering  cubes  designed  by  L. 
Mertz)  got  excellent  emission  spectra,  as  shown  in 
Figures  9-2  and  D-d.  A  signiiicanl  advaiitage  in  this 
case  was  the  larger  ficlds-of-view  of  the  interferome¬ 
ters  since  the  relative  positions  of  the  aircraft  and  the 
target  were  impossible  to  predict  a  prior  i.  In  addition, 
however,  for  transient  events  the  importance  of  all  of 
the  parameters  of  enenjy  limited  measurements  are 
brought  to  the  forefiont,  particularly  the  lime 
availabh  and  the  resolution  required. 


1300  1800  2300  2800  3300  3800 

WAVENUMBER  (CM-1) 


Figure  0-2.  Spectrum  of  Hot  Air  (2,5  n  to  8  m  Region)  From  a  High  Altitude  Nuclear 
Kimball.  These  data  were  obtained  from  12-km  altitude  with  an  interferometer  spectrometer 
using  a  bolonu  ter  detector 


Figures  9-2  and  9-3  are  spectra  of  a  high-altitude 
fireball  taken  a  few  seconds  after  detonation.  Each 
spectrum  was  obtained  in  one  second.  The  instru¬ 
ments  were  vibrationally  isolated  by  hanging  them  in 
rubber  trampoline  mounts.  The  primary  features  of 
both  spectra  are  due  to  the  three  heteronuclear  di¬ 
atomic  molecules  expected  in  high  temperature  air: 
CO,  NO,  and  NO+.  These  data  represent  the  first 
observation  of  infrared  emission  of  NO4;  with  the 
assumption  of  chemical  and  kinetic  equilibrium, 
rough  numbers  have  been  obtained  for  the  integrated 
band  strengths  of  both  the  fundamental  and  first 
overtone  of  NO4.*  The  resolution  is  about  35  cm-1 

*  A.  T,  Stair  and  H.  P.  Gauvin,  Aurora  and  Airglou\  B.  M.  McCormac, 
Ed.,  Reinhold,  New  York,  1987,  pp.  365-370, 
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Figure  9-3.  Spectrum  of  Hot  Air  (1.5  ti  to  3  n  Region)  From  a  High  Altitude  Nuclear 
Fireball.  The  data  were  obtained  from  12-km  altitude  with  an  interferometer  spectrome¬ 
ter  using  a  PbS  detector 


(unapodized)  which  is  not  sufficient  to  resolve  rota¬ 
tional  lines,  but  it  gives  a  very  good  picture  of  the 
high  vibrational  temperatures  and  the  correct  rota¬ 
tional  and  vibrational  temperatures  (not  necessarily 
the  same)  can  be  determined  by  comparison  with 
synthetic  spectra.  For  example,  the  structure  of  the 


CO  overtone  of  Figure  9-3  can  be  matched  with  a 
theoretical  spectrum  calculated  at  3500°  K 
(Tvibration  =  TrotatioJ  as  shown  in  Figure  9-4.  Marshal! 
Bruce  and  -James  Rogers  of  this  laboratory  have 
compared  many  spectra  of  this  resolution;  in  some 
cases  the  molecules  are  clearly  in  nonequilibrium. 


Figure  9-4,  Comparison  of  the  Overtone  Spectrum  of  CO  (Ar«*2)  From  a  High 
Altitude  Nuclear  Detonation  With  a  Theoretical  Spectrum  at  3500°  K 
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Tin-  accuracy  is  typically  better  than  500°  K.  The 
overtone  of  nitric  oxide  can  be  seen  to  be  severely 
absorbed  by  atmospheric  C'()2  (2.7  fi)  between  the 
airci.iit  at  11  km  and  the  hot  air  target  at  a  much 
higher  altitude. 

9-3  ATMOSPHERIC  TRANSMISSION  MEASUREMENTS 

For  atmospheric  transmission  problems,  the  air¬ 
craft  platform  has  certain  advantages  over  ground 
based  measurements.  However,  it  has  real  limitations 
in  many  spectral  regions  (see  Figures  9-2  and  9-3). 
Although  excellent  line  by  line  computer  programs 
now  exist*  for  infrared  transmission  or  emission 
calculations,  the  distributions  of  geography  and  alti¬ 
tude  for  the  various  species,  particularly  FLO,  are  too 
little  known  to  permit  corrections.  Consequently,  a 
solar  transmission  measurement  program  using  the 
KC-135  is  also  being  pursued  under  the  auspices  of 
John  Cahill  of  our  laboratory.  Interferometer  spec¬ 
trometers  are  used  routinely  for  this  work  as  well, 
although  not  truly  required  on  an  energy  limited  basis. 
However,  the  inherent  advantages  are  fully  utilized 
for  jHiinting,  accuracy,  and  better  signal-to-noise,  as 
well  as  the  obtaining  of  data  at  different  altitudes  in 
a  short  time  under  comparable  atmospheric  conditions. 
During  the  past  two  years,  transmission  data  have 
been  obtained  over  a  wide  geographic  area  ranging 
from  the  North  Pole  to  55°  S  near  South  America  and 
in  the  Pacific  near  Johnston  Island  and  Hawaii. 

*  R.  A.  McClatchey,  Optical  Physics  Laboratory.  AFCRL. 


The  interferometer  spectrometer  is  comprised  of 
two  back  to  back  Block  Engineering  14  cubes  salvaged 
from  old  nuclear  test  instrumentation.  The  moving 
mirrors  are  physically  connected  and  a  HeN e  (0.632S g) 
laser  is  pumped  into  the  reference  cube  with  the  out¬ 
put  used  to  command  digitization.  Also,  white  light  is 
used  with  the  reference  cube  in  order  to  facilitate 
coherent  adding  of  interferograms.  One  unit  operates 
in  the  1  to  3.3  g  region  using  an  InAs  (77°  K)  detector, 
and  the  other  operates  from  3  to  8  p  using  Au(Ge)  at 
77°  K.  On  the  aircraft,  both  instruments  are  manually 
trainable  covering  elevation  angles  from  +10°  to 
+80°;  they  can  be  tracked  ±12°  fore  and  aft.  The 
output  signals  are  recorded  analog  on  an  Ampex  CP 
100  tape  recorder.  The  aircraft  window  materials  are 
GE  105  fused  silica  for  the  short  wavelength  instru¬ 
ment  and  CaF2  for  the  other.  The  maximum  optical 
displacement  about  the  zero  retardation  point  is 
approximately  ±500  p.  This  gives  about  10  cm-1 
resolution  unapodized.  The  instruments  are  scanned 
rapidly,  at  a  rate  of  2  interferograms  per  second.  This 
fast  scanning  coupled  with  Aeroflex  wire  rope  shock 
mounts  is  sufficient  to  negate  aircraft  vibration 
problems.  Both  instruments  were  designed  and 
fabricated  by  J.  D.  Hex  of  AFCRL. 

Figure  9-5  is  a  representative  sample  of  some  of  the 
reduced  transmission  data  which  have  been  corrected 
for  the  instrument  response  function  and  solar 
spectral  variations.  These  results  are  for  nearly  zenith 
sun  using  the  Au(Ge)  detector.  Approximately  50 
interferograms  have  been  coherently  added.  Tri- 


HjO - - COf  —  N20 - - CH* - 


Figure  0-5.  Fractional  Transmission  for  Almost  Vertical  Path  Through  the  Atmosphere 
From  Three  Altitudes:  18  000  ft;  25  000  ft;  and  40  000  ft 
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angular  apodization  has  been  used  yielding  a  resolution 
element  of  ~20  cm-1.  The  signal-to-noise  ratio  in  the 
spectrum  decreases  toward  smaller  wavenumbers. 
At  3100  cm-1,  the  s/n  =  340;  at  1000  cm-1,  the 
s/n  =  100.  The  various  atmospheric  absorbers  in  the 
3  to  Sm  region  can  be  seen:  HqO,  CO2,  CO,  03,  N20, 
and  CII4. 

9-4  ATMOSPHERIC  EMISSION  MEASUREMENTS 

The  problem  of  obtaining  infrared  atmospheric 
emission  spectra  can  be  uncerstood  best  by  observa¬ 
tion  of  Figure  9-6.  Curves  A  and  B  are  plotted  as 
estimates  of  the  spectral  radiance  of  the  atmosphere 
from  12  km,  when  viewed  vertically.  Curve  C  is  the 
radiance  of  a  300°  K  blackbody  which,  if  multiplied 
by  some  figure,  say  5  percent,  represents  the  level  of 
radiation  emitted  by  an  aircraft  window  or  the 
instrument  optics  when  operated  at  ambient  condi¬ 
tions.  One  solution,  of  course,  would  be  to  cool  the 
entire  optical  system,  including  the  aircraft  window. 
An  alternate  approach  which  we  have  developed  to 
get  around  this  problem  is  to  locate  a  liquid-nitrogen 
cooled  chopper  outside  the  aircraft  window  which  is 
painted  black  to  obtain  about  1  percent  reflectivity. 
The  chopper  is  illustrated  schematically  in  Figure  .9-7. 
Three  interferometers  are  mounted  around  the  motor 
and  operated  simultaneously.  With  the  blade  cooled 
sufficiently,  its  emission  becomes  negligible  relative 
to  the  atmospheric  radiance  levels.  Curve  E  of 
Figure  9-0  illustrates  this  for  the  blade  cooled  to 


100°  K.  The  chopper  is  often  operated  as  low  as  70  °K. 
The  limiting  factor  then  becomes  the  radiation  re¬ 
flected  off  the  blade  from  the  hot  optics  inside  the 
aircraft.  To  reduce  reflected  radiation  even  more,  a 
field-limiting  honeycomb,  also  cooled,  is  used  to 
eliminate  diffuse  scatter  from  wide  angles.  Thus, 
another  two-order  decrease  in  reflected  radiance  levels 
is  gained.  This  results  in  a  reference  chopper  which 
has  the  appare- 1  spectral  radiance  due  to  reflection  of 
a  300°  K  black  body  reduced  by  a  factor  of  ~10-4, 
depicted  as  curve  D  in  Figure  9-6.  Thus,  using  phase 
sensitive  electronics  and  liquid-nitrogen  cooled  de¬ 
tectors,  In  As,  InSb  and  He:Cd:Te,  atmospheric 
spectral  emission  measurements  at  a  zenith  angle  of 
0°  are  possible  in  a  few  minutes  to  radiance  levels  of 
about  10-8  W  cm-2sr-V-1  at  short  wavelengths 
and  10-1'  W  cm-2sr-V-1  at  long  wavelengths. 

The  foregoing  statement,  of  course,  is  meaningful 
only  in  the  context  of  many  parameters:  detector  D*, 
time  of  measurement,  resolution,  throughput  (AH)  and 
a  fudge  factor,  r;,  which  includes  such  things  as  trans¬ 
mission  and  modulation  efficiency  (of  both  the  inter¬ 
ferometer  and  chopper  system).  The  noise  equivalent 
spectral  radiance  (NESR)  for  line  sources  using  an 
interferometer  in  this  mode  can  be  shown  to  be: 


NESR~-~— —  , 

Affij 


"i,Mi0"S  (fros‘)  l™'  «rf  continuous  flushing  notion  of  tKoWniiTotngL^"  "* 


whore 

XEP  is  the  noise  equivalent  power  of  the  detectors 
t  is  time,  *  is  throughput  (An),  Air  spectral  resolu¬ 
tion  and  i}  the  efficiency  factor. 

As  a  typical  example,  consider  an  interferometer  with 
an  InSb  detector. 

X  El*  =  1 X  10“ 1 2  VV 
t  =  5  min  =  300  sec. 

4>  - 1.4  X10-2  cm2  sr. 

Air  =  5  cm-1 
n  -  0.025 

X ESI? (5„,  =  3.2X10“ 11  W/(cm*  sr  cm-1) 

I  he  efficiency  n  is  the  product  of  several  factors-  the 
interferometer  transmission  and  modulation  efficiency, 
typicahy  0.1;  the  chopping  efficiency,  0.35,  and  the 
honeycomb  and  window  transmissions,  0.72. 

Aside  from  the  cryogenic  chopper,  the  major 
problems  have  been  the  development  of  sufficiently 
accurate  parallel  ways  for  high  resolution  and  the 
overcoming  of  extreme  sensitivity  to  vibration.  The 
Miehelson  interferometers  were  developed  by  Idealab, 

.  ()t  Franklin,  Mass.,  to  maintain  parallelism  (one 

incli  optics)  to  better  than  O  S  sec  of  arc  over  1  cm  of 
drive.  I  he  vibration  environment  on  the  KC  1.35  was 
measured  and  found  to  be  typically  0.2  g  peak-to- 


peak,  almost  equally  distributed  over  a  bandwidth 
from  a  few  to  thousands  of  cycles  per  second.  Rapid 
scanning  is  the  best  approach  to  the  problem  of 
vibration,  providing  large  inertial  forces  and  tighter 
servo  operation.  However,  due  to  the  thermal 
problem  the  chopper  becomes  the  carrier  frequency; 
it  is  rotated  at  the  maximum  subsonic  speed  ( — 1000 
hertz  with  8  holes).  Consequently,  the  signal  fre¬ 
quencies  cannot  exceed  about  300  hertz.  With  these 
restrict);,  is,  the  interferometers  typically  scan  at 
0.1  mm  per  second. 

^  J1080  instruments  were  significantly  hardened  by 
Idealab,  and  at  this  scan  rate  they  operate  adequately 
under  about  0.1  g  of  vibration.  All  three  interferom- 
eters_  are  isolated  to  this  level  on  a  large  plate  which  is 
the  bottom  of  a  sealed  box,  with  temperature  con¬ 
trol  to  about  1°  K,  and  with  reduction  of  H20  and 
C()2  in  the  internal  optical  path  by  flushing  with 
nitrogen.  This  chopper  and  interferometer  system  in 
entirety  was  designed  and  developed  primarily  by  the 
author  and  K.  Ray  Huppi  of  AECRL,  with  the 
assistance  of  Allan  Steed  and  Ralph  Haycock  of  Utah 
State  University.  The  help  of  John  LaSpina  and  Dr. 

1  homns  Walter  of  this  laboratory  lias  been  very  in- 
stiuniental  both  in  obtaining  and  in  reducing  the 
data  gathered  with  this  system. 

A  block  diagram  with  schematic  representations  of 
tlte  various  signal  channels  is  shown  in  Figure  9-8.  In 
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i  Figure  9-8.  Schematic  of  the  Electrical  Signals  Recorded.  Phase  sensitive 

amplification  is  used  to  discriminate  against  the  large  d-c  interferogram  due  to 
|  thermal  emission  of  the  optics  and  internal  scattered  radiation 

: 

I 

r 

i  addition  to  the  data  channel,  a  monochromatic 

[  t  reference  is  necessary  for  proper  sampling.  For 

averaging  the  interferograms,  a  white  light  channel 
(strong  central  maximum)  is  used  to  identify  the  same 
monochromatic  reference  fringe  on  separate  scans. 

I.  When  the  chopper  is  at  the  ambient  temperature  its 

*  blackbody  emission  spectrum  (continuum)  produces 

an  interferogram  depicted  by  the  upper  curve  of 


Figure  9-8.  As  the  blade  is  cooled  the  signal  decreases 
until  a  null  is  reached  when  the  atmospheric  radiant 
energy  falling  on  the  detector  is  exactly  equal  to  that 
from  the  chopper.  This  is  an  excellent  calibration  of 
the  atmospheric  radiance  since  the  blade  temperature 
is  carefully  monitored  and  the  paint  is  known  to  be 
very  black  in  these  spectral  regions.  As  the  blade 
cools  the  atmospheric  emissions  (which  are  180°  out 


Figure  9-9'.  Atmospheric  Emission  Spcctrim  4  m  to  5.S  m,  Zenith  Sky,  Dark,  in  Radiance 
Units  of  W/(cm*  sr  cm-1)  Taken  From  an  Altitude  of  8.8  km 
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of  phase  with  the  chopper  radiation)  produce  inter- 
forograms  with  much  more  structure  (2ir1  curve) 
which  is  typical  for  noncontinuum  spectra. 

Figure  9-9  is  a  nighttime  atmospheric  emission 
spectrum  in  the  4  to  5.5  n  region  obtained  from 
N.Skm  (28,000  ft).  These  measurements  represent 
three  minutes  of  observation  time  with  an  InSb 
(77°  K)  detector  with  a  spectral  resolution  of  about 
2.o  cm-1.  The  broad  feature  around  2300  cm-1  is  the 
intense  band  of  (’(>2.  The  maximum  at  2210  cm”1 
is  the  1’  branch  of  the  e3  band  of  X2()  with  band  center 
minimum  at  about  2220  cm”1.  The  features  from 
2130  to  2050  cm”1  are  a  combination  of  ()3  (ei  +  ^3) 
around  2130cm”1  and  CO*  (v\+v>)  emissions,  the 
sharp  line  at  20S0  cm”1  being  C02.  The  3  v  >  band  of 
CO*  is  responsible  for  part  of  the  structure  around 
1030  cm”1  with  the  other  intense  lines  being  due  to 
the  strong  0.3  n  band  of  H*0  (e2).  In  addition  to  the 
null  calibration  technique,  external  blackbody 
calibration  sources  are  used  to  give  the  corrected 
spectral  radiance  in  units  of  W/cm2sr  cm-1.  For  the 
optically  thick  CO*  band,  this  corresponds  very 
closely  with  the  measured  outside  air  temperature. 
Figure  0-10  is  a  similar  nighttime  spectrum  obtained 
from  ~12km  (39,000  ft)  where  the  over-all  radiance 
level  can  be  seen  to  be  smaller;  note  that  the  local 
outside  air  temperature  is  also  less,  234°  K  versus 
249°  K  for  Figure  9-9:  In  addition,  it  is  clear  that  the 
HjjO  emission  is  considerably  less  relative  to  C02  at 
higher  altitudes  in  agreement  with  the  expected 
difference  in  altitude  distributions  of  these  two  species. 

Figure  9-11  is  an  uncorrected  spectrum  obtained  at 
night  with  a  Hg:Cd:Te  (77°  K)  detector  and  an  inter¬ 
ferometer  using  NaCl  as  the  beamsplitter  and  com¬ 
pensator  material.  The  dominant  feature  is  the  e3 


fundamental  band  of  03  centered  around  1040  cm-1. 
The  detector  response  limited  the  short  wavenumber 
spectrum  to  about  700  cm-1  which  cuts  out  the 
major  portion  of  the  strong  v2  fundamental  of  C02. 
Although  the  weaker  v2  fundamental  of  03  .  2-2^3) 
also  occurs  in  the  700  cm-1  spectral  region,  the 
partially  resolved  band  between  700  and  800  cm”1 
can  be  identified  with  C02  in  accordance  with  the 
relative  abundance  of  C02  being  2  or  3  orders  greater 
than  03  up  to  very  high  altitudes.  HN03  emission 
can  be  identified  near  880  cm”1.  The  other  weak 
emission  feature  near  1300  cm”1  is  where  of  CH4 
and  vl  of  N20  are  known  to  overlap.  These  features 
have  been  identified  better  in  other  spectra  not  shown. 

Data  were  also  obtained  during  the  recent  total 
eclipse,  March  7,  1970.  Figure  9-12  shows  spectra 
taken  by  J.  Cahill  and  J.  Rex  of  AFCIIL  with  i 
interferometer  spectrometer  described  under  the 
section  on  transmission.  The  detector  was  InAs.  The 
data  are  in  a  very  preliminary  state  of  reduction;  for 
example,  the  instrument  function  and  radiation 
balance  corrections  have  not  been  applied.  However, 
the  gross  coronal  emission  structure  can  be  seen.  The 
bottom  curve  represents  the  instrumental  background 
as  seen  just  after  second  contact  for  about  45  sec. 
During  this  time,  the  instrument  was  pointed  at  the 
dark  eclipsed  sky.  The  spectra  seen  here  are  negative; 
the  optics  are  hotter  than  the  source.  The  spectrum 
above  4900  and  below  3200  cm”1  is  noise,  evidenced 
by  a  random  distribution  of  the  phase  angle  between 
the  sin  and  cos  transforms.  The  upper  and  lower 
graphs  are  on  different  absolute  scales.  At  45  sec  after 
second  contact  the  instrument  was  swung  onto  the 
corona.  The  field  of  view  is  ~5°  circular  diameter  (to 
i  power)  so  that  the  oulk  of  the  corona  was  observed. 
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Figure  !>- 10.  At mo*|>heri<'  Kminwon  Spectrum  4  «i  to  5.5  m,  Zenith  Sky,  Dark,  in  Radiance 

Fnita  of  W/frm1  »r  cm  ')  Taken  From  an  Altitude  of  1 1.8  km 


The  negative  region  around  3700  cm-1  decreased  in 
intensity,  but  still  remained  negative,  indicating  that 
the  instrument  was  measuring  a  small  influx  of 
coronal  energy  in  this  spectral  region,  l'or  wave¬ 


numbers  greater  than  ~4100cm_1,  a  positive  signal 
is  observed.  The  upper  curve  resulted  from  the 
co-addition  of  90  interferograms  (2  scans/sec).  Tri¬ 
angular  apodization  was  used.  Twenty  interferograms 


Figure  9-12.  Emiwon  Spectrum  of  the  8oUr  Corona  During  the  7  March  1970  Edipee 
(Upper  Curve).  The  coronal  spectrum  i*  the  reeult  of  eo-adding  90  scan*  of  J  arc  each.  The 
apparent  background  epectrum  is  due  primarily  to  the  thermal  ertiwior.  of  the  interferometer 
optic*  and  aircraft  window.  Careful  checking  with  phaae  information  i»  rcouired  for  correction 
of  the  coronal  epectrum.  Th.o  it  being  done  (data  shown  were  obtained  only  one  week  prtor  to 
reduction  to  this  graphical  form) 
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were  used  to  obtain  the  background  spectrum.  The 
spectrum  shorter  than  2900  cm-1  (detector  cutoff)  is 
presented  as  a  noise  reference.  The  coronal  emission 
appears  to  be  a  continuum  with  superimposed  atmo¬ 
spheric  absorption.  The  only  apparent  line  structure 
is  a  relatively  weak  feature  located  at  6990  cm-1. 
NASA  also  observed  a  weak  feature  at  this  frequency 
during  the  196a  eclipse  and  tentatively  identified  it 
as  Si  X. 
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Figure  9-13.  Spectra  of  the  Krlipacd  Corona. 
The  upix-r  curve  was  obtained  during  a  prominence 
that  occurred  a  few  seconds  before  third  contact 
from  one  interferogram  of  |  sec  scan.  The  lower 
curve  is  similar  to  that  shown  in  Figure  9-12,  but 
results  from  co-adding  only  50  spectral  scans  of  the 
corona  with  no  visibly  apparent  prominences. 


Figure  0-13  is  a  spectrum  obtained  just  before 
third  contact  when  a  solar  prominence  occurred  and 
hydrogen  Brackett  and  I’aschen  lines  were  observed. 
The  lower  curve  is  a  rejieated  spectrum  of  coronal 
emission  ("*0  co-added  interferogram*)  for  reference 
purjioses.  The  upper  curve  is  from  a  single  spectral 
scan,  J  see,  taken  during  the  flare.  The  two  most 
prominent  features  in  the  upper  spectrum  ore  identi¬ 
fiable  as  hydrogen  I’aschen  4.3  at  5332  cm-1  and 
hydrogen  Brackett  6.4  at  3N0S  rm-1.  Other  spectral 
scans  show  more  clearly  the  emission  of  Brackett  S.4 
and  7.4  as  well.  The  data  are  plotted  with  20  cm-1 
resolution,  the  instrument  response  has  not  boon 


removed,  and  the  spectra  are  normalized  to  the  most 
intense  feature. 

9-5  LABORATORY  MEASUREMENTS 

Some  of  the  laboratory  applications  of  Fourier 
spectroscopy  at  AFCRL  are  represented  by  the  papers 
published  in  this  volume  by  Murphy  and  Sakai, 
Smith,  and  Hoffman.  The  paper  by  Murphy  and 
Sakai  is  a  new  approach  to  gas  kinetic  studies  which 
are  more  typically  done  by  flowing  afterglow  tech¬ 
niques,  such  as  depicted  in  Figure  9-14.  The  experi¬ 
ment  is  one  of  studying  vibrational-vibrational  energy 
exchange  between  vibrationally  hot  nitrogen  (NV) 
and  CO.  The  requirement  for  interferometric  spec¬ 
troscopy  can  be  seen  from  the  fact  that  at  typical 
operating  pressures  of  100  mTorr  the  total  number  of 
molecules  in  a  10  cm3  volume  is  ~3.5X101<’.  Of  these 
the  number  of  excited  CO  molecules  (v>l)  can  be  on 
the  order  of  1013  and  smaller.  Thus,  the  maximum 
radiance  of  the  source  (near  the  mixing  region)  can 
be  approximately  10-7  W/(cm2  sr  cm-1)  and  falling 
tc  10-9  W/(cm2  sr  cm-1)  a  meter  downstream  due  to 
relaxation  and  radiative  losses.  These  relaxation, 
quenching  and  radiative  processes  are  the  most 
interesting  ones  for  study;  therefore,  spectra  with 
good  signal-to-noise  are  necessary.  The  experiment 
described  here  is  also  one  of  the  most  intense  sources 
of  this  class. 

Figure  9-15  is  a  spectrum  obtained  by  J.  P.  Ken- 
nealy  of  this  laboratory  with  the  experimental  ar¬ 
rangement  just  described.  It  is  a  spectrum  of  the 
first  overtone  of  CO.  Typically,  these  laboratory 
sources  produce  spectra  of  molecules  with  large 
vibrational  excitation  but  rotational  temperatures 
equal  to  the  gas  kinetic  temperature  since  rotational 
relaxation  occurs  very  fast  (typically  3  to  10  collisions). 
Theoretically  calculated  spectra  are  used  to  determine 
the  state  of  the  gas,  TVib=5000°  K  and  Trot=I350oK. 

Other  experiments  such  as  NO+O-+NQ3  chemi¬ 
luminescence  are  so  feeble  in  the  infrared  that  one  not 
only  needs  Fourier  spectroscopy  but  additional  light¬ 
gathering  techniques,  such  as  infrared  integrating 
spheres.  This  experimental  arrangei  at  is  shown 
schematically  in  Figure  9-16.  Another  important 
point  for  all  of  these  measurements  is  that  the  gas 
sources  are  almost  always  orders  of  magnitude  weaker 
than  the  thermal  emission  of  the  environment. 
Consequently,  one  must,  as  a  rule,  modulate  the 
reaction  in  some  way  and  use  phase  sensitive  a-c 
amplification  to  see  the  molecular  emission.  This  is 
gencrully  done,  in  our  case,  by  modulating  the  micro- 
wave  discharge  which  is  the  source  of  atoms  or 
vibrationally  excited  species  such  ns  nitrogen. 

9-6  SUMMARY 

The  primary  thrust  in  the  development  of  Fourier 
spectroscopy  at  AFCRL  has  been  to  apply  it  as  an 
efficient  tool  at  moderate  resolution  to  a  myriad  of 
siiectroscopic  problems,  primarily  associated  with 
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atmospheric  physics.  In  addition  to  further  work  of 
the  kind  described  here,  there  are  a  number  of  new 
Fourier  instruments  under  development.  These 
include  the  development  of  cryogenic  interferometers 
for  both  aircraft  and  sounding  rocket  platforms  to 
take  advantage  of  the  increased  sensitivity  of  back¬ 
ground  limited  (BLIP)  infrared  detectors.  These  are 


particularly  important  for  upper  atmospheric  emis¬ 
sions,  such  as  airglow  and  aurora,  both  for  enertjy 
limited  reasons  and  for  getting  above  the  optically 
thick  thermal  atmospheric  emissions.  Also,  the 
wavelength  range  of  airborne  observations,  primarily 
transmission  (ambient  temperature  optics),  will  be 
extended  to  1  mm. 
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Figure  9-14.  Schematic  of  a  Laboratory  Flowing  Afterglow  System  for  Gas  Kinetic  Energy 
Exchange  Processes 


Figure  9-IS.  Spectrum  of  the  First  Overtone  of  CO  Obtained  bv  J.  P.  Kennedy  From 
the  Experimental  Arrangement  (Figure  9-14).  Comparison  with  theorrtii-.nl  spectra 
shows  the  fax  to  be  in  -i  nonequuibnum  distribution  with  a  rotational  temperature  of 
390*  K  but  a  vibrational  temperature  of  MOO*  K 
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Figure  !M6.  Schematic  of  a  Flowing  Afterglow  System  for  Obtaining  Spectra  From 
a  Source  so  Fertile  That  an  Infrared  Integrating  Sphere  is  Required  in  Addition  to 
Fourier  Spectroscopy.  These  spheres  are  made  by  uniformly  dimpling  one  or  two  liter 
I’yrex  spheres,  cleaning  by  ion  bombardment,  and  coating  with  gold.  Edwin  Eckberg  of 
this  lutlioratory  is  the  sii|>er!>  craftsman  of  these  spheres.  The  dimpling  produces  equal 
response  to  u  point  source  independent  of  its  location  inside  the  sphere  so  that  quantita¬ 
tive  measurements  are  possible 


139 


Content* 


10-1  Monochromators,  Multiplexing  and  Michclson  139 

10-2  Interferometry  and  Inversion  141 

10-3  Recent  History  and  Remaining  Misunderstandings  141 

10-4  Conclusion  142 

References  142 


10.  The  Origins  and  Logic  of  Multiplex,  Fourier  and 
Interferometric  Methods  in  Spectrometry* 


Peter  Fellgett 

Department  of  Applied  Physical  Sciences 
The  University  of  Reading 
Reading,  England 


Abstract 


The  origins  of  interferometers,  interferometric  and  Fourier  bpcctrometry,  and 
multiplexing  applied  either  to  spectra  or  to  image  resolution  are  traced.  The 
theoretical  and  practical  importance  of  the  distinct  attributes  of  multiplexing, 
Fourier  methods,  and  interferometry  applied  to  spectrometry  are  emphasised. 
Interferometry  confers  a  luminosity  advantage  that  can  also  be  obtained  by  multi¬ 
slit  methods  (these  have  nothing  to  do  directly  with  multiplexing,  of  course). 
Fourier  methods  confer  the  advantage  of  wide  spec* ml  range.  Multiplexing  confers 
a  time  advantage,  equivalent  to  a  signal-*  o-noise  advantage.  The  greatest  ob¬ 
servational  power  results  from  applying  all  three  separate  attributes  simultaneously 
in  multiplex  uiterferometric  Founcr  (MIF)  pectrometry.  A  striking  example 
shows  that  multiplexing  is  not  the  least  of  the  three. 


10-1  MONOCHtOMAT  OtS,  MULTIPLEXING  AND 
MKMB.SON 

There  is  evidence  in  the  literature  that  much  con¬ 
fusion  still  remains  about  the  distinction  between  the 
multiplex,  interferometric,  and  Fourier  attributes  in 
spectrometry,  and  the  interrelation  between  these 
attributes.  Clearly,  if  we  are  to  understand  the  origins 
of  these  methods,  we  must  first  be  dear  about  what 
is  being  discussed. 

This  is  important  for  at  lead  two  reasons.  The 
first  is  that  an  accurate  understanding  of  abstract 
concepts  is  one  of  the  essential  components  of  the 
scientific  method,  and  one  on  which  the  development 
of  science  depends  in  the  long  term.  The  second  reason 
is  that  the  distinctions  are  important  even  in  relation 
to  immediate  practical  applications.  a«  we  shall  sec. 

rntiM .r"1  '***“*  "*  me**  ••  iAn  to  tw  wuUwi  e  «i>* 


Multiplexing  is  the  process  whereby  a  number  of 
separate  streams  of  information  are  sent  along  a 
single  physical  channel.  It  originated  in  telegraphy, 
has  been  extensively  developed  in  modem  trunk 
telephone  circuits,  3nd  most  recently  has  played  an 
essential  role  in  communicat ions  satellites.  In 
multiplex  spectrometry  we  pass  information  concern¬ 
ing  a  large  number  of  separate  spectral  elements 
through  a  single  detection  channel.  Mtdti(  lexing  in 
optics  is  not.  of  course,  confined  to  spectrometry.  For 
example.  Professor  Jim  Ring*  and  his  colleague*  have 
pul  it  to  good  use  in  direct  imaging  application*. 

In  1949  I  was  concerned  with  the  possibility  of 
gaining  sensitivity  by  applying  multiplexing  in 
infrared  spectrometry.  The  advantage  of  doing  this 
is  by  now  weii  known,  md  some  authors  have  been 
kind  enough  to  ref  *r  to  it  as  “the  Fellgett  advantage”. 
I  think  it  is  better  physics  to  uw  descriptive  terms 
rather  than  persons'  name*  (for  example.  Kaiser  and 
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Hertz)  and  would  prefer  to  call  it  simply  the  multiplex 
advantage.  It  was  first  described  in  print  by  Dr. 
Marcel  J.  K.  Golay,2  quoting  a  private  communication 
from  myself.  He  puts  it  this  way: 

The  most  objectionable  feature  of  a  mono¬ 
chromator  in  any  spectrometric  work  in  which 
radiation  is  at  a  premium  is  implied  by  the  very 
name  of  the  device:  only  one  element  of  the 
spectrum  is  utilized  at  one  time,  while  the  bulk  of 
the  radiation  is  wasted  on  the  jaws  of  the  exit  slit. 
When  the  source  of  radiation  is  small,  a  far  more 
efficient  use  of  the  radiation  can  be  made  by 
employing  the  method  now  being  developed  by 
Fellgett  for  astronomical  observations.  This  per¬ 
mits  to  obtain  information  about  the  complete 
spectrum  in  the  time  needed  with  the  spectrometer 
to  obtain  one  section  of  the  spectrum  corresponding 
to  the  slit  width,  when  the  entire  source  image  is 
accepted  at  the  monochromator  entrance. 

This  procedure  bears  a  resemblance  to  Michel- 
son’s  use  of  the  visibility  curve,  although  the 
circumstance  that  Michelson’s  visibility  was  es¬ 
sentially  the  auto-correlation  function  referred  to 
some  carrier  in  the  center  of  the  narrow  spectrum 
observed,  conferred  a  vectorial  character  to  the 
visibility;  this  served  to  restrict  the  use  of  the 
visibility,  obtained  visually,  and  treated  as  a 
scalar  quantity,  to  spectra  which  were  symmetrical, 
or  nearly  symmetrical,  with  respect  to  the  carrier. 
It  must  also  be  recalled  that  Michelson  worked  with 
visible  light  and  placed  emphasis  on  the  accuracy 
yielded  by  his  method.  The  advantage  in  signal- 
to-noisc  ratio,  yielded  by  the  interferometric 
method  in  the  far  infrared,  "od  which  does  net 
exist,  basically,  in  the  visible  region,  has  been  first 
suggested  by  Fellgett,  to  the  writer’s  knowledge. 

In  February,  1949,  Dr.  Golay  had  written  to  me: 

Michelson,  under  whom  1  took  courses  at  the 
University  of  Chicago,  developed  his  interferometer 
for  tie'  visible  region,  where  there  is  no  such 
advant„*e  (in  signal-to- noise  ratio]  basically,  and 
he  used  to  place  emphasis  on  the  accuracy  ad¬ 
vantages  of  his  method.  Also,  he  used  to  examine 
line  spectra  confined  to  a  very  narrow  spectral 
region  .... 

Two  points  of  special  interest  em°rge  from  these 
quotations.  The  first  is  the  reason  why  the  multiplex 
advantage  is  not  available  in  the  visible  region  of  the 
spectrum.  There  arc  in  fact  two  reasons  for  this,  of 
which  one  is  extremely  obvious.  In  the  visible,  image 
detectors  such  as  the  eye,  photographic  materials,  and 
television  camera  tubes  are  available.  There  is 
accordingly  no  need  to  multiplex;  we  can  look  at  all 
the  spectral  elements  simultaneously  with  these 
imaging  devices.  The  second  reason  depends  more  on 
the  detailed  physics.  In  the  visible,  the  ambient 
radiat  ion  field  is  sufficiently  weak  at  room  temperature 


that  the  majority  of  photons  falling  on  the  detector 
are  likely  to  come  from  the  signal  itself.  Consequently, 
multiplexing  a  spectrometer  does  indeed  give  a 
signal-to-noise  advantage,  but  there  is  a  corresponding 
loss  because  of  the  increased  noise  in  the  detector;  it 
is  easy  to  show  that  the  loss  and  gain  are  equal,  so 
that  they  cancel  each  other  out  in  typical  circum¬ 
stances. 

The  second  conclusion  from  the  quotations  is  that 
Michelson  certainly  did  not  formulate  or  exploit  the 
multiplex  principle.  Neither  indeed  does  he  seem  to 
have  invented  Fourier  spectrometry  in  any  explicit 
sense.  Michelson’s  original  publications  suggest  that 
he  arrived  at  his  understanding  of  the  relationship 
between  the  spectrum  of  a  light-source  and  the  visi¬ 
bility  of  the  interference  fringes  of  the  source  by 
physical  arguments  based  on  beats  between  fringes 
produced  by  individual  lines  of  the  spectrum.  The 
Fourier  transform  was  apparently  introduced  by 
Lord  Rayleigh  in  a  letter  to  Michelson  published  in 
1892. 3  It  is  interesting  to  note  in  passing  that  in  this 
letter  Rayleigh  predicted  what  we  should  now  call  the 
.  National  structure  in  molecular  spectra;  he, of  course, 
did  so  on  a  classical -wave  basis,  since  this  was  before 
the  formulation  of  the  quantum  theory  by  Planck. 

What  MLhelson  did  invent  was  the  interferometer, 
and  it  is  accordingly  important  to  note  exactly  what 
he  meant  by  this  term.  The  phenomenon  of  inter¬ 
ference  had  been  known  long  before  Michelson.  His 
contribution  was  an  instrument  in  which  two  inter¬ 
fering  beams  are  well  separated  in  space  so  that  their 
relative  path  lengths  can  be  conveniently  and  pre¬ 
cisely  varied.  It  is  this  that  he  calls  an  interferometer, 
a  term  which  he  appears  to  have  coined.  He  is  not, 
however,  quite  consistent  about  how  restrictive  the 
tern,  should  be.  In  Light  Waves  and  Their  Uses*  he 
says: 

We,  may  conveniently  restrict  the  term  inter¬ 
ferometer  to  this  arrangement,  in  which  the  division 
and  the  union  of  the  pencils  of  light  are  affected  by 
a  transparent  plane  parallel  plate. 

However,  earlier  (ibid.,  p.  33)  he  says: 

ThQ  utilization  of  the  two  portions  of  a  lens,  at 
opposite  ends  of  a  diameter,  converts  the  telescope 
or  microscope  into  an  interferometer. 

He  here  refers,  of  course,  to  what  we  now  call  the 
Michelson  stellar  interferometer.  Having  displayed 
some  two  dozen  possible  configurat,,  >ns  involving 
either  lenses  or  mirrors,  or  both,  Michelson  says 
(ibid.,  p.  40): 

The  form  of  interferometer  which  has  proved  most 
generally  useful  is  that  shown  in  Fig.  38. 

And  he  then  proceeds  to  describe  the  configuration 
which  we  traditionally  associate  with  his  name. 
Clearly  it  is  this,  and  the  stellar  interferometer,  which 
are  properly  called  Michelson  interferometers.  The 
use  of  this  designation  for  any  two-beam  interferom¬ 
eter  is  redundant,  and  fails  to  take  account  of  the  debt 


we  owe  to  Michelson  for  the  very  idea  of  an  inter¬ 
ferometer. 

10-2  INTERFEROMETRY  AND  INVERSION 

It  was  beyond  the  technical  resources  of  Michelson’s 
day,  as  Lord  Rayleigh  recognizes  in  the  letter  quoted, 
to  measure  the  mterferogram  proper,  and  Michelson 
worked  entirely  with  fringe-visibility  curyes.  It  is 
well-known  that  he  conceived  and  built  a  most 
ingenious  mechanical  special-purpose  computer  for 
Fourier  transformation.  However,  he  is  re  larkably 
reticent  about  the  precise  use  he  made  of  this,  and  I 
have  not  found  a  positive  statement  that  he  success¬ 
fully  used  it  for  the  actual  transformation  of  a 
visibility  curve,  although  he  attempted  to  do  so 
(ibid.,  p.  80),  and  successfully  re-inverted  a  synthetic 
visibility  curve  (ibid.,  p.  73). 

The  first  reference  I  have  found  to  the  measurement 
of  a  genuine  interferograni  is  to  work  by  Rubens, 
Hollnagel  and  Wood  in  1910-11. 5,6  Like  Michelson, 
they  guessed  plausible  spectral  distributions  and  used 
semi-analytical  methods  to  investigate  the  consistency 
of  these  distributions  with  the  observed  interfero- 
grams.  Wood,  writing  in  1934, 7  confirms  that 
Michelson  used  only  transforms  of  guessed  intensity 
distributions,  and  says  that  the  full  forward  numer¬ 
ical  transformation  would  have  been  “a  much  more 
difficult  problem”.  To  my  surprise,  it  appears  that  I 
may  have  been  the  first  person  to  do  this,  in  the  work 
at  Cambridge  already  referred  to,8  9  although  I  was 
concerned  with  multiplexing  and  was  using  Fourier 
and  interferometric  methods  only  as  a  means  to  that 
end. 

Michelson’s  invention  of  the  interferometer,  and 
his  application  of  it  to  spectrometry,  imply  that  he 
was  the  originator  of  interferometric  spectrometry. 
His  original  method,  which  Rayleigh  made  into  a 
Fourier  method,  was,  however,  somewhat  of  a  tour  de 
force  which  Wood7  concluded  had  been  little  used 
since  the  original  work.  The  main  development  of 
interferometric  spectrometry  was  the  non-multiplex, 
non-Fourier  method  associated  with  the  names  of 
Fabry  and  Perot10  and  of  Lummer  and  Gehrcke.11 
It  is  unnecessary  to  describe  these  methods  here,  since 
they  are  treated  in  every  textbook  of  physical  optics. 

The  advantage  of  these  interferometric  methods 
was  their  large  luminosiU  (product  of  area  and  solid 
angle  of  source  accepted),  but  they  had  the  dis¬ 
advantage  of  very  restricted  free  spectral  range  as 
compared,  for  example,  to  a  so-called  diffraction 
grating  (a  device  which,  strictly  speaking,  also  works 
by  interference).  It  was  Professor  Jacquinot12  who 
first  pointed  out  the  advantages  which  could  accrue 
by  combining  the  luminosity  advantage  with  the  wide 
spectral  range  of  Fourier  methods. 

By  contrast,  the  stars  I  was  attempting  to  measure 
in  1949  were  so  faint  in  relation  to  the  available  size 
of  telescope  and  sensitivity  of  infrared  detector  that 
my  concern  was  not  with  wide  spectral  range,  but 
with  getting  a  spectrum  at  all.  Since  the  star-image 
is  effectively  a  point  source,  it  was  not  possible  to 


exploit  a  iuminositi  advantage.  The  multiplex  ad¬ 
vantage  was  accordingly  the  only  possibility  open. 

10-3  RECENT  HISTORY  AND  REMAINING  MISUNDER¬ 
STANDINGS 

The  rest  of  the  story  is  sufficiently  recent  and  well- 
known  that  it  may  be  quickly  told.  By  1950  I  had 
demonstrated  a  multiplex  spectrometer,  which  hap¬ 
pened  also  to  be  both  Fourier  and  interferometric, 
and  validated  the  multiplex  advantage.  The  first 
person  to  make  actual  use  of  the  multiplex  method  in 
applications  appears  to  have  been  Dr.  Larry  Mertz  in 
1951,  using  a  polarization  method  in  the  far  infrared. 
Professor  John  Strong13  also  used  the  method  in  the 
far  infrared,  but  apparently  less  for  its  signal-to-noise 
advantage  than  as  a  good  method  of  discriminating 
against  parasitic  short-wave  radiation.  Madame 
Connes  obtained  a  high-grade  multiplex  spectrum  of 
the  night  sky  in  the  near  infrared  in  1959.  Since  then, 
numerous  developments  have  taken  place,  many  of 
which  were  reviewed  at  the  Bellevue  Conference  in 
1966. 14 

Some  investigators  have  unfortunately  confused 
the  multiplex,  Fourier,  and  interferometric  attributes, 
and  have,  consequently,  not  achieved  the  properties 
they  were  aiming  at.  The  distinct  and  separate  nature 
of  these  attributes  has  been  illustrated  by  a  diagram 
included  in  the  Proceedings  of  the  Bellevue  Conference 
showing  explicitly  how  every  combination  of  the  three 
attributes  may  occur.  For  example,  the  classic 
Fabry-Perot  is  interferometric  but  not  multiplex  or 
Fourier.  The  Mock  interferometer  is  multiplex  and 
Fourier,  but  not  interferometric  in  the  usual  sense. 
Feeding  a  two-beam  interferometer  into  a  wave 
analyzer  produces  an  instrument  which  is  interfero¬ 
metric  and  Fourier,  but  not  multiplex.  This  method 
has  actually  been  used  by.  experimenters  who  thought 
they  were  gaining  a  multiplex  advantage. 

It  has  to  be  emphasized  that  the  multiplex  property 
is  a  function  of  the  entire  system;  neither  the  Fourier 
nor  the  interferometric  attributes  can  guarantee  it, 
nor  are  they  necessary  to  it.  Multiplexing  is  like 
virginity,  if  it  is  to  be  present  at  the  end  then  it  must 
be  preserved  throughout. 

Multislit  methods,  aimed  at  increasing  luminosity, 
have  also  been  confused  with  multiplexing,  despite 
Golay’s  clear  statement  already  quoted2  that  his 
multislit  spectrometer  remains  a  monochromator. 
Dr.  Martin  Harwit15  has  recently  demonstrated  that 
binary  coded  slit-arrays  can  be  devised  which  enable 
the  multiplex  and  multislit  attributes  to  be  realized 
simultaneously.  He  rightly  points  out  that  these  two 
attributes  were  implicitly  combined  by  Fourier 
coding  in  the  Mertz  “mock  interferometer,”10  but 
this  is  the  first  time  the  possibility  of  this  combination 
has  (so  far  as  I  know)  been  made  explicit  and  therefore 
brought  fully  into  the  design  process.  It-  is  not,  how¬ 
ever,  correct  to  refer  to  the  combination  as  ‘double 
multiplexing’;  this  phrase  could  logically  refer  to 
combined  multiplexing  of  spectral  and  spatial  in¬ 
formation. 
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10-4  CONCLUSION 

The  most  powerful  combination  of  the  multiplex, 
l-'ourier,  and  interferometric  attributes  to  date  has 
been  in  the  justly  famous  work  of  the  Connes17  on  the 
infrared  spectra  of  planets.  Each  of  the  three  attri¬ 
butes  has  been  separately  necessary  to  the  feasibility 
of  this  work.  The  multiplex  advantage  is  not  the  least 
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among  these.  In  recent  laboratory  work,  the  Connes 
have  multiplexed  one  million  spectral  elements.  This 
means  that  observations  can  be  secured  in  a  year 
which  vithout  the  multiplex  advantage,  in  an  other¬ 
wise  comparable  spectrometer  exploiting  the  Fourier 
and  interferometric  advantages,  would  take  longer 
than  man  has  been  on  this  Earth. 
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Abstract 


The  “decimation  in  time”  method  is  applied  to  the  discrete  Fourier  transform 
(DFT)  of  large  interferograms  when  the  number  of  samples  is  much  greater  than 
the  available  main  storage  size.  A  suitable  technique  for  using  the  direct  access 
disks  in  a  360/75  with  256  K  of  central  storage  has  produced  two  different  pro¬ 
grams.  The  fast  program,  called  "FFT  1024  K”,  gives  the  DFT  of  a  210°  real 
samples  function  in  22  min;  tho  second,  called  “TFD”,  gives  the  same  result  in 
9  min  in  the  case  where  the  function  is  even  or  odd. 


11-1  INTRODUCTION 

Available  fast  Fourier  transform  (FFT)  programs 
for  complex,  real,  odd,  or  even  functions  can  be  applied 
only  when  the  number  of  samples  to  be  transformed 
fits  into  the  computer  central  memory.  For  instance, 
with  a  360/75  of  256  K  words,  it  is  practical  to  com¬ 
pute  the  Fourier  transform  of  an  interferogram  with 
128  K  samples  taken  between  4-0  and  4 >4  max 
(J.  Connes,  Chapter  6).  In  order  to  transform  10n 
samples  interferograms,  programs  using  direct  access 
auxiliary  stores  were  developed;  one  is  applicable  to 
any  2-10®  samples  function,  the  other  to  a  2-10°  even 
or  odd  function.  In  both  instances,  "decimation  in 
time"  was  applied  in  order  to  break  the  Fourier 
transform  operation  into  several  elementary  Fourier 
transforms,  each  fitting  into  the  central  memory,  fol¬ 
lowed  by  suitable  intercombinations. 
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11-2  DECIMATION  IN  TIME  AND  DFT  OF  A  REAL 
FUNCTION— FFT  1024  K  PROGRAM 

The  DFT  of  a  real  function  I,  sampled  with  2 N 
data  is  defined  by 


RV-I 

£  hWrk  r« 0,1 . 2AT-1,  (11-1) 


where  IF  -  exp  (2rj/N<l)  and  (j- v— !)•  The  2 N 
samples  of  the  I  function  can  be  divided  into  two 
functions,  F*  and  £*,  each  of  which  has  only  half  as 
many  points  (,V).  The  function  Ft  is  composed  of  the 
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even  numbered  {mints,  and  Zk  is  composed  of  the  odd 
numbered  points: 

Yk  =  I2k 

Zk-hk+i  k=0, 1,  2, ,  N—l.  (11-2) 

Use  the  technique  of  decimation  in  time1  to  obtain 
Br  from  the  DFT  of  F*  and  Zk. 

If  CT  and  Dr  are,  respectively,  the  DFT  of  Ft  and 
Zk,  then 


Br=Cr+WrDf  0 <r<N. 
Br+s=Cr-WrDr  (11-3) 


This  is  illustrated  in  the  signal  flow  graph  of  Fig¬ 
ure  1 1-1  if  2.V  =  16.  In  Figure  1 1-1,  each  B  node  is  the 


Figure  11-1.  Discrete  Fourier  Tranafonn  8icnal  Flow 
Graph  With  2N  -  16 


sunt  of  two  terms:  a  D  sample  multiplied  by  a  con¬ 
stant  term  -II’"  (solid  arrow),  and  u  V  sample  (not 
multiples!,  represented  by  dashed  arrow).  For  in¬ 
stance,  ffu-.Cj-ll’5/^. 


As  B,  is  the  DFT  of  a  real  function,  Br-B*x-r, 
where  B*  is  the  complex  conjugate  of  B.  Thus,  only 
one  half  of  the  spectrum  B  is  to  be  calculated. 

For  the  same  reason: 


Cr=(tf-r 

Dt~Ds-t.  (11-4) 


Replace  the  DFT  program  in  Figure  11-1  by  a 
FFT  program  called  “F'FT  64  K”.  This  program  was 
evolved  at  C.I.R.C.E.  from  the  original  Cooley- 
Tukey  2,3  algorithm,  but  it  has  been  adapted  to  the 
DFT  of  a  real  function.  As  suggested  by  Bregham,3 
only  one  half  of  the  complex  spectrum  must  be 
calculated. 


Figure  1 1-2  shows  how  Figure  1 1-1  must  be  modi¬ 
fied  in  this  case.  The  double  dashed  or  solid  arrow 
line  indicates  the  transmission  of  the  complex  conju¬ 
gate  value  of  the  variable  written  dose  to  the  original 
node.  For  example,  Bn  “<V- IF1/)*"  and 
IF#D».  instead  of  having  B%-Cy  —  WXD\ 
ns  in  Figure  11-1,  let  Bt~C!~t - fF'Z)2_i  (see 
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ref.  (3)],  that  is,  B9=C7*—WlD7*.  For  the  special 
case  fig,  it  is  worth  noticing  that 


fi8=Z  hW6k 

t-o 

=  En-Ez,,  (n-5) 

t-o  t-0 


Compare  this  with  Eq.  (11*2).  fig  is  real. 


Similarly,  the  computation  technique  shown  in 
Figure  1 1-2  can  be  used  to  obtain  C„  (r  =  4,  5,  6,  7) 
from  the  N  real  samples  F,.  Thus,  each  time  this 
technique  is  used,  the  number  of  samples  to  which  the 
FFT  program  must  be  applied  can  be  reduced  by  a 
factor  of  two. 

Now,  suppose  that  the  main  storage  capacity  of 
the  computer  is  too  small  for  computing  the  DFT  of 
real  functions  sampled  with  more  than  four  values, 
with  the  FFT  program.  The  third  signal  flow  graph 
shows  (Figure  11-3)  how  it  is  still  possible  to  compute 
the  DFT  of  a  2 N  =  32  sampled  real  function  by  using 
that  FFT  program.  In  the  figure,  a  solid  line  brings  a 
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Figure  11-3.  Computation  of  the  Discrete  Fourier  Transform  of  s  2.V«M  Kamptrd  Real  Function  1‘sin*  I  hr  FIT  64  K 
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variable  from  the  left  to  the  right,  while  a  dashed  one 
brings  the  complex  conjugate  value  of  the  variable 
represented  by  a  node.  Square  nodes  represent  real 
values  and  round  nodes  represent  complex  values. 
£(A'i+A'2)  means  the  sum  of  all  the  elements  of  the 
two  sequences  A'i  and  A'2)  that  is; 


h i+/8-f/  10+^24+ J4+/12  +  /20+  ^28- 


In  the  first  step,  the  original  sequence  of  2 N  real 
numbers  /*  must  be  sorted  into  eight  sequences 
A',,  A'2) . . .  ,  A's  or  2.V/8  numbers.  These  eight 
sequences  are  stored  within  a  direct  access  external 
storage  device  (for  example  magnetic  disks).  The 
FIT  program  can  then  be  applied  successively  to 
each  of  these  eight  sequences  within  the  main  storage 
(step  2  on  Figure  1 1-8).  Thus,  three  successive  steps 
are  needed  to  obtain  the  final  spectrum  B.  That  last 
operation  is  clearly  represented  by  Figure  11-3 
(step  3),  and  the  random  nature  of  the  transfers  shows 
that  it  could  not  be  made  efficiently  from  sequential 
memories  such  as  are  provided  by  magnetic  tapes. 


11-3  APPLICATION  OF  THE  FFT  1024  K  PROGRAM 

The  purpose  of  this  program  is  to  compute  the 
DFT  of  .’.V  =  2* 1  -  204S  K  (where  A' »  1024)  real 
points  Ik  on  a  300/7'*  IBM  computer  having  a  main 
core  storage  of  2'*6  K  words.  On  this  computer  the 
best  FIT  program  (called  FIT  64  K)  is  available 
for  a  maximum  of  12N  K  real  samples,  so  by  using  the 
preceding  method  (Figure  11-3)  the  initial  sequence 
/  must  be  split  into  16  subsequences  A'„  each  of  which 
has  lis  K  isiints.  Since  16  - 2\  four  handling  steps 
(instead  of  three  as  in  Figure  11-3)  are  necessary  to 
reconstruct  the  2.V  values  of  the  spectrum  B  from 
the  A/s  FIT. 

Kxcept  for  the  DIT  computation  of  the  16  subse¬ 
quences  X,  which  is  made  in  the  main  storage,  all  the 
handlings  are  made  by  using  eight  data  sets  on  two 
disk-packs  of  an  IBM  2314  direct  access  disk  storage 
unit.  This  device  allows  the  search  of  randomly 
located  data  records  the  length  of  which  have  been 
limited  to  410  words  because  of  the  main  storage 
nqxicitv.  (A  double  buffer  of  410  wort  Is  must  be  re¬ 
served  in  the  main  storage  for  each  of  the  eight  data 
sets.)  The  access  time  to  these  record*-  has  been  re¬ 
duced  by  blocking  them  so  that  a  rent!  statement  in  the 
pr**gram  at  once  brings  20  records  (that  is  to  say  8  K 
word*)  from  the  disk-|*ack  to  the  main  storage  where 
the  handlings  can  then  be  made.  On  one  of  the  two 
disk-|*aeks.  67S0  record*  (or  15)20  tracks)  are  to  be 
reserved  and  on  the  other  disk  (Kick.  .'*120  records 
(or  12N)  (rack*)  There  are  4000  track*  on  one  disk 
|*ach. 


11-4  DFT  OF  A  REAL  ODD  FUNCTION  WITH  THE  TFD 
PROGRAM 

This  program  makes  use  of  the  method  described 
by  Brenner*  and  by  J.  Connes  in  Chapter  6  for  com¬ 
puting  the  Fourier  transform  of  a  real  odd  function. 
Recall  briefly  the  essentials. 

To  compute  the  Fourier  transform  £  of  a  real  odd 
Function  I: 


*=(0, 1,  2, ,  22V— 1).  (11-6) 


First  define  a  complex  function  G  such  as: 


Gu-hk+i+ihk,  *  =  (0,1,2,...,#— 1).  (11-7) 


Then  the  Hermitian  function  H  should  be 


Hk-i(Gk-G*N~k)  *  =  (0,1,..., #-l).  (11-8) 


The  Fourier  transform  is  a  real  function  K,.  In  order 
to  compute  K,  from  the  N  complex  samples  Hk, 
define  a  new  function  F  with  only  Nf 2  complex 
samples  Fk : 


Fk (11-9) 


Let  Ef  be  the  DFT  of  F,  Ar-DFT  (Fk),  and 
r  =  (0, 1 , . . . ,  .V/2- 1).  It  is  now  possible  to  compute 
the  real  function  Kn  since 


AV-A',r-H#,r+l.  (K-10) 


K  con  be  obtained  by  a  simple  sorting  operation, 


K„  r  ■  (0,  1 , . 


•V— 1). 


(1M1) 


* 
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One  of  the  two  halves  of  the  spectrum  B,  which  is 
purely  imaginary,  can  be  obtained  from 


BrM%£%*-KT+KN\ 

\  amN  I 

< 

Bn +r=l  ( ■  (11-12) 

\  ~8in/T  / 


The  TFD  program  has  been  adapted  for  computing 
an  odd  interferogram  sampled  from  t = 0,  with  N  <  10 * 
on  the  360/75  computer  of  C.I.R.C.E.;  the  i»v*ia 
storage  capacity  is  256  K  words.  One  disk  storage 
unit  was  used  in  this  case  too. 

The  decimation  in  time  technique  is  used  for  com¬ 
puting  E,  from  F*.  The  set  of  E  samples  is  broken 
into  eight  sub-sets  of  Af/16  complex  samples  each; 
these  are  stored  on  one  disk  unit.  The  FFT  32  K 


program  1,  which  is  available  for  a  maximum  of  64  K 
complex  samples,  is  then  applied  to  each  subset  in 
succession;  the  computation  is  performed  within  the 
central  memory  and  gives  the  eight  DFT’s.  Only 
three  data  sets  on  just  one  disk  pack  are  needed.  For 
N  =  106  each  data  set  contains  only  10s  words. 

11-5  CONCLUSION 

These  programs  could  also  be  very  useful  with 
smaller  computers  having  a  disk  storage  unit  for 
handling  shorter  interferograms.  Trials  of  elapsed 
time  and  main  storage  total  requirements  have  been 
carried  out  with  the  360/75  of  C.I.R.C.E.  Table  11-1 
gives  the  results  when  computing  the  DFT  of  sym¬ 
metric  real  interferograms  starting  from  zero  path 
difference  and  sampled  at  N  points.  (With  the 
FFT  1024  program,  N  input  data  points  each  equal  to 
zero  must  be  added.)  These  N  points  are  read  as  input 
data  from  a  magnetic  tape,  and  the  initial  sorting 
step  of  the  program  only  requires  one  reading  of  this 
tape.  At  the  end  of  the  program,  the  spectral  samples 
are  stored  on  a  disk  pack.  Another  program  then 
computes  four  interpolated  spectral  samples  between 
the  Fourier  transformed  ones;  thus,  a  smooth  curve 
can  be  traced  by  a  regular  curve  plotter. 


Table  11-1.  Computation  Characteristics  of  FFT  1024  K  and  TFD  Programs* 


Case  I 
^-2,Y- 
1.  K  -1024 

2048  K 

1024  K 

512  K 

*256  X 

128 /C 

64  K 

32  K 

Case  II 

JV- 

1024  K 

512  K 

mK 

128  K 

64  K 

32  K 

16  K 

FFT  1024  K 
Elapsed  time  =* 
Case  I  or  II 

22  min  8  sec 

11  min 

5  min  27  sec 

2  min  46  sec 

1  min  24  sec 

43  sec 

23  sec 

TFD 

Elapsed  time  • 
Case  II  only 

9  min  11  sec 

4  min  35  sec 

2  min  16  sec 

1  min  08  sec 

34  sec 

Main  storage 
necessaries 
(K  words) 

180  K 

100  K 

60  K 

40  iC 

30  K 

25  K 

23  A' 

■Cln  I  k  m  N*  potau  mwplal  teal  faaMtoa  aarf  Caw  1 1  ia  aa  N  «  Stfl  pmau  aawpW  raal  «M  fuantaa  rtaniar  (»wa  w*a  paik  Siltoaaw.  Mata  Mnn>» 
anMaria-^  Dtak  bufan+procraiaanafpnaraai  ana*  1 1.000  MacatOt  4a*  ara*  mM  by:  ITT  I  OK  K  -4X  «-wU»CtW0  ira*U).  TFt>—  1.S.V 
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Abstract 


Previously  demonstrated  very  high  resolving  powers  have  been  extended  io 
broad  spectral  range?  as  well  with  a  new  interferometer.  This  has  an  increased 
sampling  speed  and  all  the  recording  operations  are  servo-controlled.  The  servo 
system  uses  phase  modulation  of  interference  fringes.  The  first  results  include 
rare  earth  emission  spectra  (thorium  and  hotmium  from  12500  to  3000  cm-1 
with  0.02  cm"'  resolution)  and  absorption  spectra  of  ICHs  and  NjO  from  3700 
to  5000  cm-1  with  0.005  cm-*  resolution. 


17-1  WTtOOUCnON 

The  first  high-resolution  interferometer  constructed 
at  the  AiroA  Cotton  Laboratory*  was  limited  to  a  very 
small  spectral  range  because  it  was  well  matched  to 
the  computation  capabilities  of  a  few  years  ago.  But 
the  advances  made  possible  by  the  new  computer 
generation  have  changed  the  situation.  Thus,  it  is 
now  practicable  to  obtain  a  Fourier  spectrum  from 
10“  samples  in  9  min. 

Consequently,  it  as  necessary  to  design  a  new 
interferometer  to  exploit  these  recent  possibilities.  By 
this  fact  one  achieves  an  important  step  in  taking 
better  advantage  of  the  multiplex  gain. 

We  will  describe  this  new  device,  which  features, 
fast  sampling  speed  and  large  flexibility  in  the  choice 
of  the  step  length  and  the  internal  modulation 
amplitude.  The  operations  of  displacement,  posi¬ 
tioning,  and  interval  modulation  are  continually 
servo-controlled.  The  system  is  relatively  insensitive 
to  vibrations  and  intensit  y  fluctuations  of  the  reference 
line,  which  is  the  3.50  ft  supertsdiant  line  tif  Xe. 
Operation  is  thus  made  much  safer  Main  *tn>«  will 
be  placed  on  the  results,  and  only  a  summary  descrip¬ 
tion  of  the  system  will  be  given  here;  a  more  detailed 
one  is  found  elsewhere.  * 


12-2  GENERAL  DESCRIPTION  Of  THE  WTWFBtOM- 
ETR 

A  Micbelson  type  interferometer  equipped  with 
two  cat's  e  ■*  (Figure  12-1)  was  used.  The  (earn  has 
a  diameter  of  SO  mm  (ab'ut  3  in).  The  path  difference 
can  reach  2  m.  which  is  laige  e,.-ough  for  the  maim ity 
if  spectroscopic  problems.  The  beam-splitter  is  made 
of  two  plane,  parallel,  -pu.ity  thick  plates  flat  to  one 
fourth  of  a  visible  wavelength,  .‘several  pairs  with 
suitable  substrates  and  coatings  are  provided  for  eaeh 
spectral  range  (visible,  near  infrared,  noddle  infrared). 
A  linear  motor  with  5  kgm  of  maximum  power 
moves  one  of  thr  cat's  eves  which  slides  on  oil  ber.rihgs. 
Two  pieroelectnc  ceramics  supporting  the  secondary 
mirror  of  the  cat's  eves  permit  ver..  fa»t  path-differ¬ 
ence  corrections. 

12  3  PWNOPLE  Of  THE  SERVO-SYSTEM 

An  interferometer  can  be  considered  a*  an  ampli¬ 
tude  modulator.  The  intensity  of  the  emerging  signal 
depends  on  path  difference  The  disadvantage  of 
this  method  for  measuring  path  difference  are  well- 
known.  Consequently,  a  phase  modulation  system 
was  used. 


Figure  12-1.  Optical  Jiagram  of  the  Interferometer  Showing  Only  the  Reference  Light  Path,  Which  Utilizes  the  Center  of  the 
Beam  Emerging  From  the  Source  Under  Study 


1  “2-3.1  Phase  Modulation  System 

The  reference  line  \r,  emerging  from  the  super¬ 
radiant  tube  (Figure  12-1),  is  linearly  polarized  by  P 
before  entering  the  interferometer.  The  axis  of  the 
polarizer  is  set  at  45  deg  to  the  axes  of  two  quarter- 
wave  plates  (Q i  and  Q2)  located  in  each  arm.  They 
give  two  counter-rotating  circularly  polarized  waves. 
They  interfere  and  produce  <  linearly  polarized 
vibration.  Its  azimuth  a  is  a  function  of  path  dif¬ 
ference  A  according  to  the  formula 


This  light  passes  through  a  half-wave  plate  rotating 
at  frequency  N,  and  falls  on  an  indium  antimonide 
photovoltaic  detector  H,  in  front  of  which  is  placed 
an  analyzer  A,.  Thus,  one  obtains  a  4 N  frequency 
signal  F,  and 


F,  =  I  sin  2tt  (4Nt+^~)  “  (12-2) 


_/A— A(A 
“  \  Xk  / 


(12-1) 


F ,  is  the  carrier  wave.  Its  phase  depends  on  ((>ath 
difference.  Now,  if  one  assumes  that  A  varies  linearly 


Figure  12-2.  Block  Diagram  of  System  Producing  Error  Signal  From  F,  and  F,  and  the  Reference  Signals  R,  and  Rc.  The 
potentiometer  is  used  to  add  a  direct  voltage  to  the  error  signal,  producing  a  variation  in  path  difference  equal  to  any  fraction 
of  the  elementary  step  (kjj/100).  It  is  needed  to  adjust  the  first  sample  at  zero  path  difference 
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W 


as  a  function  of  time  according  to  A -A0  =  V<,  F, 
becomes 


F,  =  I  sin  2;r 


t. 


(12-3) 


Thus,  frequency  change  is  proportional  to  the  speed 
of  the  carriage  (single  side-band  modulation). 

Detection  of  the  F,  phase  gives  information  on  the 
path  difference  and  the  frequency  itself  yields  a 
damping  signal. 

1 2-3.2  Error  Signal  Generation  (Figure  1 2-2) 

12-3.2.1  PRINCIPLE 

After  amplifying  and  clipping,  Fe  becomes  a  con¬ 
stant  amplitude  square  wave  C».  In  a  synchronous 
demodulator  C,  is  multiplied  by  a  reference  signal  R„ 
the  frequency  of  which  is  also  4 N,  and  the  phase 
adjustable.  The  mean  value  of  the  product  R,C, 
depends  on  phase  difference  between  7?„  and  C,.  For  a 
given  phase  of  R„  the  variation  of  R,Ca  can  represent 
the  error  signal.  If  it  is  plotted  as  a  function  of  path 
difference,  one  obtains  a  triangular  function  with  a 
period  equal  to  \r  (Figure  12-3).  But  there  is  a 
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Figure  12-4.  Waveforms  Leading  to  the  Error  Signal  E. 
In  the  illustrated  case  A  — Ao  =  X«/16 


Figure  12-3.  Error  Signal  Amplitude  as  a 
Function  of  the  Path  Difference  Near  A<>.  The 
phase  of  reference  signals  H,  and  Hc  iB  stationary 


troublesome  residual  ripple  at  8AT  frequency  when 
R,(\ = 0.  In  order  to  eliminate  this  residual,  the 
reference  beam  is  split  after  the  modulator  (by  L,  see 
Figure  12-1)  into  two  parts  which  give  two  signals  in 
quadrature  C,  and  Cc.  Cc  is  multiplied  by  Rc,  a 
reference  wave  in  quadrature  with  R,.  Finally,  the 
sum  E  =  R,C,+RcCc  is  the  error  signal;  it  is  made  up 
of  a  train  of  rectangular  pulses  (Figure  12-4).  The 
width  of  each  pulse  is  proportional  to  the  phase 
difference  between  C,  and  R ,  (or  Ce  and  Rc)-  In¬ 
versely,  by  changing  the  phase  of  R,  and  Rr  it  is 
possible  to  induce  a  variation  of  path  difference 


because  of  the  servo  action.  The  16Ar  frequency  of 
the  pulses  means  that  the  minimum  response  time  of 

the  servo  system  is  ~ . 

16A 

12-3.2.2  DESCRIPTION  (Figure  12-5) 

To  produce  R,  and  Rc,  a  disk  VA  with  400  radial 
opaque  lines  is  attached  to  half-wave  plate  D.  It 
rotates  in  front  of  a  similar  fixed  disk  Vb  and  chops 
two  white  light  beams  which  generate  a  400A1  fre¬ 
quency  signal.  This  is  frequency  divided  by  a  factor 
100  in  a  reversible  counter;  the  two  outputs,  of 
frequency  400A’/100  =  4.V,  are  Re  and  R,.  Thus,  the 
phase  of  R,  and  Rc  can  change  by  multiples  of  27r/100. 

By  suitable  programming,  one  can  obtain  any 
variation  of  the  path  difference  as  a  function  of  time. 
Therefore,  to  record  an  interferogram  by  the  stepping 
technique,  and  using  internal  modulation  at  the  same 
time,  the  law  given  by  Figure  12-6  is  used. 

1 2-3.3  Recording  System  (Figure  1 2-7) 

The  samples  are  stored  by  an  incremental  magnetic 
tape  recorder  in  a  six  character  BCD  form.  A 
manual  attenuator  changes  the  gain  of  the  signal  in 
order  to  increase  the  dynamic  range  of  the  system. 
To  correct  the  intensity  fluctuations  of  the  source,  a 
part  of  the  light  under  study  is  used  to  servo-control 
the  gain  of  an  amplifier  before  the  demodulator. 
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Figure  12-5.  Production  of  the  Reference  Signals  R,  and  R. 
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Figure  12-0.  Path  Difference  Variation  vs  Time  Needed  to  Record  an  Interferogram  With  Stepping  Plus 
Internal  Modulation.  The  approximate  carriage  displacement  is  given  by  A’(l)-  The  piezoelectric  ceramics  support¬ 
ing  the  small  mirrors  provide  the  difference  A— A' 


1 2-4  PERFORMANCES  AND  ADVANTAGES  OF  THE 
SYSTEM 

12-4.1  Performances 

The  half-wave  plate  can  rotate  up  to  N  =>  1000 
</sec;  that  means  that  the  minimum  delay  time  of  the 
servo  system  is  62  n  sec.  In  fact,  the  time  limitation  is 
due  to  the  response  time  of  the  ceramics  carrying  the 


small  mirrors.  The  actual  response  time  is  about 
0.5  msec. 

The  piezoelectric  ceramics  give  a  20  m  elongation  for 
2  kV  voltage.  This  means  they  are  able  to  provide 
a  variation  of  ±80  n  in  the  path  difference.  They  also 
give  a  nearly  square  wave  internal  modulation ;  this  is 
the  optimum  shape. 


l.r>5 


Figure  12-7.  Complete  Recording  System  Block  Diagram 


The  maximum  recording  speed  is  presently  limited 
by  the  digital  recorder  (Digi-Data  Inc.)  to  about  50 
samples/sec  (with  six  BCD  characters). 

For  an  interferogram,  the  total  time  to  actual 
measuring  time  ratio  is  about  0.8  in  the  worst  case. 

1 2-4.2  Advantages 

The  more  evident  advantage,  compared  to  the 
previous  systems,  is  the  shortness  of  the  elementary 
step.  It  is  equal  to  that  is,  350  A  for  the 

reference  line  used. 

The  displacements  and  the  amplitude  of  the  in¬ 
ternal  modulation  are  integer  multiples  of  the  ele¬ 
mentary  step.  Thus,  there  is  a  large  flexibility  in  the 
choice  of  the  interferogram  sampling.  For  a  given 
spectral  range  the  suitable  step  can  be  selected 
practically  according  to  the  sampling  theorem. 

Moreover,  the  pulses  which  command  the  variation 
of  path  difference  are  independent  of  the  reference 
fringes.  The  interference  fringes  are  used  for  servoing 
but  are  not  counted;  the  safety  of  operation  is  much 
increased. 

The  servo  system  has  a  large  perfectly  linear  range : 

\o  . 

db—  in  path  difference,  that  is,  ±0.88  m  in  our  case. 

For  the  previous  systems  using  the  measurement  of 
fringe  intensity,1,3,4  the  useful  linear  range  was 
±0.1  m  only. 

12-5  RESULTS 

An  attempt  was  made  to  obtain  a  great  number  of 
samples  within  a  single  interferogram,  allowing  the 
computation  of  a  very  wide  spectral  range.  The  same 
resolution  (d<r= 5*  10~3  cm-1)  as  the  resolution  of  the 
interferometer  built  by  Pinard1  was  chosen,  since  it 
appears  good  enough  for  a  multitude  of  spectroscopic 
problems  considering  the  numerous  causes  of  the 
spectral  line  broadening. 


In  principle,  the  apparatus  is  able  to  give  spectra 
including  more  than  410s  spectral  elements.  This 
number  corresponds  to  the  spectral  range  of  the 
PbS  receiver,  and  a  recorded  resolution  equal  to 
5«10-3  cm-1. 

Most  of  the  difficulties  involved  are  well  expressed 

ms 

by  the  quality  factor  Q  =  *  ,3  which  is  the  ratio 

L>eff 

between  the  energy  of  the  whole  recorded  spectrum 
and  the  energy  of  a  spectral  line  which  can  be  just 
distinguished  from  the  noise.  ( M  =  number  of  spectral 
elements,  Sm  =  mean  value  of  energy  per  spectral 
element,  Be//= rms  noise  level.) 

Interferograms  from  emission  and  absorption 
spectra  have  been  recorded  with  PbS  receivers. 

12-5.1  Emission  Spectra 

Interferograms  have  been  recorded  from  thorium 
and  holmium  sources.  They  are  sealed  quartz  tubes 
containing  the  iodide  of  the  rare  earth.  HF  excitation 
(2450  MHz)  is  used.  For  the  two  elements,  the 
studied  spectral  range  covers  all  the  sensitivity 
domain  of  the  PbS  receivers.  The  spectra  are  limited 
on  the  long  wavelength  side  by  the  response  of  the 
detector  at  3000  cm  the  visible  side  by  a 

filter  opaque  below  0.8  m  u-  j0  cm-1). 

The  length  of  the  steps  i»  equal  to  0.455  m 
(13  X  350  A).  This  length  corresponds  to  a  free  spectral 
range  from  0  to  11,000  cm-1.  The  pcak-to-peak 
amplitude  of  the  internal  modulation 


(0.70  m  =  20X350  A) 


has  been  selected  to  have  the  maximum  efficiency  at 
0150  cm-1.  In  both  cases  (Th  and  Ho)  the  recording 
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5000  cm' 


Figure  12-8.  I-ow  Resolution  Emission  Spectrum  of  Thorium  Computed  From  the  First  104  Samples  of  a  10*  Samples 
Interferogram 


time  whs  10  hr  for  10°  samples.  Had  the  system  been 
run  at  maximum  speed,  this  could  have  reduced  to 
about  0  hr.  Resolution  is  20X  10~3  cm-1. 

Figure  12-8  represents  the  whole  spectrum  of 
thorium  computed  from  only  the  first  104  points  of 
the  million  samples  interferogram.  The  corresponding 
resolution  limit  is  2  cm-1  and  the  recording  time 


6  min;  the  spectrum  is  normalized  to  the  intensity  of 
the  strongest  line  at  8904  cm-1. 

Between  9500  cm-1  and  11,000  cm-1  a  few  nega¬ 
tive  lines  coming  from  the  second  order  can  be  seen. 
This  means  that  the  spectral  range  actually  recorded 
extends  down  to  12,500  cm-1.  At  about  4000  cm-1, 
a  continuous  background  emitted  by  the  hot  quartz 
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tube  appears.  The  atmospheric  water  vapor  explains 
the  absorption  around  3800  cm-1. 

The  upper  trace  of  Figure  12-9  shows  the  part  of 
the  spectrum  which  is  singled  out  on  Figure  12-8  at 
about  8300  cm-1.  The  number  of  computed  points, 
105,  corresponds  to  a  0.2  cm-1  resolution  and  the 
recording  time  is  now  1  hour.  The  middle  trace  repre¬ 
sents  40  cm-1  of  the  spectrum  computed  from  10° 
samples  (dcr  =  20X10-3  cm-1);  the  intensity  scale  has 
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Figure  12-10.  Upper  Trace:  Spectrum  Computed  From 
10“  Samples;  Lower  Trace:  Spectrum  Computed  from  10* 
Samples 


Figure  12-11.  Upper  Trace:  8pectrum  Computed  From 
10*  Samples;  Lower  Trace:  Spectrum  Computed  From  10* 
Samples 


been  expanded  by  10.  On  the  lower  trace,  two  spectra 
obtained  from  two  different  interferograms  are  drawn. 
The  intensity  scale  has  been  increased  again  so  that 
noise  is  perceptible.  Figures  12-10  and  12-11  show 
two  other  portions  of  the  spectrum  with  the  maxi¬ 
mum  resolution. 

The  sources  are  unstable  and  require  many  precau¬ 
tions.  The  frequency  of  the  internal  modulation  and 
the  sampling  rate  fall  within  the  frequency  range  of 
their  oscillations.  This  explains  why  the  receiver  noise 
has  not  been  reached  yet.  However,  in  the  case  of  the 
thorium  spectrum,  one  obtains  Q  =  107  and  a  signal-to- 
noise  ratio  for  the  more  intense  lines  equal  to  12,500. 

Figure  12-12  is  another  example  of  an  emission 
spectrum  with  an  holmium  source.  All  the  recording 
conditions  are  the  same  as  for  thorium.  The  lines 
present  the  characteristic  hyperfine  structure  of  Ho 
(S  =  $).  The  quality  factor  is  equal  to  2.5X10’; 
when  compared  with  the  planetary  spectra  obtained 
by  Connes  et  al.3,4;  this  is  an  improvement  by  a 
factor  of  10.  Figure  12-13  compares  the  weakest 
structure  recorded  by  Verges  with  a  SISAM  (recording 
time  20  min  for  5  cm-1),  with  the  same  structure  ob¬ 
tained  by  the  computation  of  the  10°  samples  inter- 
ferogram.  This  structure  is  25  times  more  intense  than 
the  weakest  that  can  be  detected  on  our  spectra. 

1 2-5.2  Absorption  Spectra 

Because  of  the  lack  of  a  long  cell,  highly  absorbing 
gases  (N20,  ICH3)  have  been  the  main  concern  of  this 
study. 

The  white  light  source  was  an  iodine  quartz 
tungsten  lamp.  The  white  light  beam  is  reflected  once 
at  the  end  of  the  5-m  long  cell  and  passes  through 
10  m  of  gas.  Since  all  the  apparatus  is  not  yet  en¬ 
closed  in  a  vacuum  tank,  some  information  in  the 
regions  of  the  water  bands  is  lost.  In  this  case  also, 
one  is  not  yet  limited  by  the  receiver  noise  but  by  the 
“light  noise"  due  mostly  to  small  vibrations  of  the 
long  path  cell  mirror  mounts.  Since  the  absorption 
lines  of  X20  and  ICHS  gas  at  low  pressure  actually 
show  the  room  temperature  Doppler  width  (5  to 
10X10-3  cm-1),  the  instrumental  resolution  of 
5X10-3  cm-1  is  needed.  To  cover  the  full  3000  to 
10,000  cm-1  region,  4X10°  samples  should  be  needed. 
Up  to  now,  not  more  than  10°  samples  transformed 
could  be  used  and  the  range  was  limited  to  about 
2000  cm-1.  Considering  the  latest  reductions  in 
computing  time  (Delouis  and  Connes  at  the  Aspen 
Conference),  one  should  no  longer  be  afraid  of  trans¬ 
forming  4X10°  samples. 

Figure  12-14  gives  the  whole  low-resolution  spec¬ 
trum  of  N *0  at  2  mm  Hg  pressure  between  3800  cm-1 
and  5600  cm-1.  The  interferogrum  from  which  the 
computation  has  been  done  is  the  first  part  of  an  inter- 
ferogram  including  450,000  samples  recorded  during 
5  hr  30  min  (length  of  the  steps  2.695  p- 77  X  350  A, 
peak-to-peak  amplitude  of  internal  modulation 
1 .05  p- 30X350  A).  For  the  spectrum  in  Figure 
12-14,  only  4500  samples  were  used.  This  corres¬ 
ponds  ♦(»  a  4  min  recording  time  and  a  resolution 
limit  equal  to  O.Scm-1.  Consider  the  2081«— 00°0 


Knurr  13-1.1.  Cumperieon  of  the  Some  Feature  Recorded  by  Sremun*  Spectrometer  (8 ISAM)  and  Fourier  Spectrometer 
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Figure  12-14.  Lour  Reeolution  Abaorption  Spectrum  (NjO)  From  About  5000  Sample* 


(2m+v*)  band  at  4730  cm-'  inserted  in  the  figure. 
It  is  plotted  again  on  the  lower  trace  of  Figure  12-15. 
The  middle  trace  has  been  calculated  from  45,000 
samples  (rftr^SOXlO-1  cm’1,  recording  time  45  min). 
The  rotational  structure  of  the  20“1«— 20°0  band  is 
well  resolved.  The  hot  band,  21°1«— 01“0,  begins  to 
appear  but  the  resolution  is  not  yet  good  enough  to 
show  it  in  full.  The  upper  trace  is  the  plot  of  a 
10  cm-1  region  close  to  the  band  center.  The  very 
high  resolution  (SXl0~’cm”')  allows  complete 
separation  of  the  two  bands  and  observation  of  the 
1-type  separation  (increasing  with  the  value  of  J) 
which  occurs  in  the  21*1«-01*0  band.  Two  spectra 
oomputed  from  two  different  interferograms  are 
superimposed  and  give  an  idea  of  the  reproducibility. 
The  whole  spectrum  with  this  wavenumber  scale 
(0.15  cm~Vcm)  is  120  m  long.  The  quality  factor  Q 
is  equal  to  5X 10T.  The  si  gnal-to- noise  ratio  is  200. 

Another  example  of  a  very  high  resolution  absorp¬ 
tion  spectrum  is  given  in  Figure  12-16  with  ICHi 
(gas  pressure  s*2  mm  Hg).  This  spectrum  cover* 
600  cm’ ',  from  2800  cm  * 1  up  to  3400  cm-'  (2XI04 
samples;  length  of  the  steps:  9  "255X350  A; 
peak-to-peak  amplitude  of  internal  modulation: 
1.5  m - 43  X350  k,  recording  time  5  hr),  The  limit  of 
resolution  is  the  emallest  obtainable  with  the  inter¬ 
ferometer  (d» *5X10~*  cm*'  with  Tim 

Doppler  width  of  the  line*  is  equal  to  4  X  10“*  m  “ 1 . 
For  this  spectrum,  the  quality  factor  is  equal  to 
3X10t. 


12-6  CONCLUSION 

The  interferometer  has  given  the  kind  of  results 
hoped  for,  both  in  resolution  and  wide  spectral  range 
coverage. 

Compared  to  previous  generations  of  Fourier  inter¬ 
ferometers,1  ,s  the  sampling  speed  has  been  increased 
from  about  5  sampies/sec  to  50  samples/sec  and  the 
diameter  of  the  beam  has  been  increased  from  2.5  cm 
to  8  cm.  The  reliability  has  also  been  much  improved, 
which  was  essential  for  increasing  the  number  of 
samples  from  about  5X10®  to  10°,  or  more. 

The  improvement  compared  to  previously  available 
techniques  for  recording  near  infrared  spectra  is 
striking  in  the  case  of  the  rare  earth  emission  spectra; 
this  resolution  could  only  be  realised  from  a  large 
number  of  separate  F.l*.  or  SISAM  recording*.  Tin* 
could  only  be  made  after  a  preliminary  )aw-ie*oluti<”., 
study  of  the  entire  spectrum.*  6  7  The  whole  program 
took  several  months.  The  accuracy  with  which  line 
positions  can  be  measured  from  high-resolution 
Fourier  interferometers  ha*  been  demonstrated  by 
Pinard.' 

Now  the  problem  of  accurate  absolute  measure¬ 
ment  ot  wavenumbers  has  to  be  solved.  Phe  inter¬ 
ferometer  must  be  put  in  the  v  icuum  and  the  absolute 
wavelength  of  the  3.50  p  Xe  line  from  the  supor- 
radinnt  tube  must  be  measured  by  recording  the 
spectrum  of  the  standard  krypton  lamp. 


4800  cm'1 

Figure  12-15.  X,0  From  the  Same  Interferogram  But  With  Different  Resolution*  (Maximum  Resolution— 8X10  ~J  cm~>) 


ICM, 


Figure  12-16.  Very  High  Rrmdutioo  Spectrum  of  (I*  —  5X10 “*  rm  *•) 


161 


References 


1.  Pinard,  J.  (1967)  J.  Phys.  28,  C2:  136. 

2.  Connes,  J.,  Connes,  P.,  Delouis,  H.,  Guelachvili, 
G.,  Maillard,  J.  P.,  and  Michel,  G.  (1970)  Nouvelle 
Rev.  Opt.  Appl.  No.  1. 

3.  Connes,  J.,  Connes,  P.,  and  Maillard,  J.  P. 
(1967)  J.  Phys.  28,  C2:  120. 

4.  Connes,  J.,  Connes,  P.,  and  Maillard,  J.  P. 


(1969)  Atlas  des  spectres  dans  le  proche  infrarouge  de 
Venus,  Mars,  Jupiter  et  Satume,  Ed.  du  CNRS. 

5.  Verges,  J.  (1969)  Spedrochim.  Ad.  24B:  177. 

6.  Camus,  P.t  Guelachvili,  G.,  and  Verges,  J.  (1969) 
Spedrochim.  Ad.  24B:  373. 

7.  Blaise,  J.,  Marillon,  C.,  Sehweighofer,  M.  G., 
and  Verges,  J.  (1969)  Spedrochim.  Art.  24B:  405. 


Contents 


13-1  Introduction 

163 

13-2  Description 

163 

References 

1C6 

Discussion 

166 

13.  A  Method  of  High  Resolution 
Fourier  Transform  Spectroscopy 


H.  L.  Boijs 

IMvartit*  l oval 
Qv«b«,  Cooed  a 


Abstract 


A  tilt-compensated  two-beam  interferometer  with  a  continuously  variable 
path  difference  of  100  cm  was  used  to  study  molecular  constants  and  the  phe¬ 
nomenon  of  collision  narrowing  in  the  static-field-induced  absorption  in  hydrogen 
gas  near  2.5  m-  Line  widths  down  to  0.01  cm-1  were  measure*;  n..d  frequencies 
were  calculated  to  a  precision  of  0.0005 cm-*.  The  design  of  the  interferometer 
and  the  methods  of  sampling  and  numerical  filtering  are  discussed. 


13-1  INTRODUCTION 

In  order  to  study  sharp  absorption  features  in  the 
infrared,  such  as  the  static-field-induced  absorption 
lines  in  hydrogen  gas,  it  appears  desirable  to  apply  the 
Fourier  transform  method  of  spectroscopy  not  only 
because  of  the  multiplex  advantage,  but  also  because 
of  superior  frequency  and  intensity  calibration  and 
because  the  instrument*)  profile  is  well  known.  On 
the  other  hand,  until  recently  the  application  of  the 
Fourier  transform  method  to  high  resolution  work 
has  betn  restricted  by  the  requirement  of  a  stable 
interferometer  for  long  path-difference  displacements 
and  the  need  for  computational  techniques  capable  of 
transforming  records  containing  very  many  spectral 
elements. 

13-2  DCSOtmON 

The  int'rferometer  used  by  the  author  has  been 
described  in  the  literature  before*  and  is  constructed 
in  such  a  manner  that  the  interference  pattern  at  the 
exit  is  unaffected  by  small  changes  in  orientation  of 
the  moving  mirror  elements  (see  Figure  13-1).  This 
particular  design  of  interferometer  appears  to  be 
unique  and  has  resulted  in  an  instrument  that  is  very 


compact  and  simple  to  maintain.  The  moving  mirror 
elements  can  be  displaced  2.">  cm  for  a  maximum  path- 
difference  change  of  100  cm  The  path  difference  is 


Figure  1H.  Srhrmsltr  I'Kagraro  uf  tnlrtfroamelrr  Shew¬ 
ing  Ihr  ’‘alii  of  l hr  liihl  Through  ibr  idlrtfmanrlit  Tht 
fringn*  are  no*  litrrln)  by  small  RMslrw  of  llr  refWrling 
MUM.  The  beam  splillcr  is  10  rmX  ti  *;n  rs»k-*um  (bioeilr 
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monitored  by  means  of  a  stabilized  single  mode 
He-Ne  laser  producing  a  reference  interferogram 
which  is  also  used  to  indicate  the  state  of  alignment 
of  the  instrument.  The  path  difference  is  varied  con¬ 
tinuously  by  means  of  a  simple  mechanical  drive. 

During  the  uniform  displacement  of  the  moving 
mirrors,  the  interferogram  is  sampled  nearly  instan¬ 
taneously  at  intervals  determined  from  the  reference 
interferogram.  in  this  continuous  scanning  method, 
the  digital  information  becomes  representative  of  the 
total  amount  of  information  available  during  the 
observation  time  when  it  is  possible  to  reproduce 
precisely  the  analog  signal  from  the  digital  informa¬ 
tion.  This  is  simply  accomplished  when  the  total 
frequency  content  of  the  analog  signal  is  limited,  via 
some  electrical  filter  network,  to  a  finite  bandwidth, 
and  when  the  sample  frequency  is  at  least  twice  this 
bandwidth. 

In  many  cases  this  means  that  the  interferogram 
must  be  oversampled  with  respect  to  the  relevant, 
signal  in  order  to  prevent  overlapping  of  noise  fea¬ 
tures.  Compared  with  the  better  known  method  of 
start-stop  morion,  it  appears  that  this  mechanical 
simplification  results  in  a  larger  data  handling  prob¬ 
lem.  It  has  been  found,  however,  that  with  the 
continuing  rapid  development  of  high  speed  electronic 
computer  facilities,  the  handling  of  large  amounts  of 
data  is  neither  difficult  nor  expensive. 

The  field  induced  fundamental  rotation-vibration 
spectrum  of  hydrogen  is  centered  about  2.4  n  in  the 
infrared  and  consists  of  a  number  of  widely  spaced 
sharp  lines  in  the  region  from  2  to  2.5  it.  We  have 
constructed  an  optical  frequency  synthesizer  consist¬ 
ing  of  a  double-pass  reverse  dispersion  grating  spec¬ 
trograph  with  which  a  number  of  bands  out  of  the 
continuum  of  an  infrared  source  can  be  selected  (see 
Figure  13-2). 

Hy  selecting  narrow  bands  of  radiation  at  the  fre¬ 
quencies  at  which  absorption  lines  occur,  much  un¬ 
necessary  radiation  is  prevented  from  entering  the 
interferometer  and  hence  the  dynamic  range  problem 
is  not  unnecessarily  complicated.  The  interferogram 
was  sam,  :ed  once  for  every  two  fringes  of  the  laser 
reference,  which  corresponds  to  a  sample  interval  of 


cm” 


Figure  13-2.  Spectrum  of  Bunds  Selected  by  Optical 
Frequency  Synthesiser.  The  positions  at  which  absorption 
occurs  in  the  iiydrogen  gas  are  indicated  with  a  stick  spectrum 
lielow 


about  1.25X10-4  cm.  This  sample  interval  is  not 
small  enough  to  prevent  some  overlapping  of  noise, 
and  a  corresponding  sacrifice  in  signal-to-noise  ratio 
is  anticipated.  A  typical  interferogram  consists  of 
800,000  measurements  and  is  recorded  on  magnetic 
tape  by  means  of  a  properly  buffered  digital  tape 
drive. 

It  is  not  difficult  to  perform  a  complex  Fourier 
transform  on  the  previously  mentioned  interferogram, 
making  use  of  a  fast  Fourier  transform  algorithm  and 
a  factoring  technique  developed  by  the  author3  which 
allows  efficient  use  of  non-random-access  bulk  storage. 
However,  the  spectral  range  that  can  be  covered  with 
these  interferograms  contains  many  gaps  at  which  no 
useful  information  occurs;  hence,  it  was  found  more 
efficient  to  carry  out  some  numerical  filtering  and 
consequent,  reduction  in  data  points.  The  numerical 
filtering  is  done  in  two  steps: 

1)  When  the  laboratory-generated  tape  is  inter¬ 
preted  on  a  large  computer,  the  data  are  convolved 
with  a  broad  Gaussian  filter  function  covering  just  the 
spectral  region  of  interest.  This  allows  a  reduction  in 
points  of  a  factor  of  4,  and  the  newly  generated  inter¬ 
ferogram,  containing  200,000  points,  is  stored  in 
compressed  form  on  an  inventory  tape.  During  this 
first  operation  on  the  interferogram  the  exact  zero 
path  difference  location  is  computed  by  means  of  a 
low  resolution  complex  transform. 

2)  Prior  to  transformation,  the  new  interferogram 
is  convolved  with  a  composite  filter  function  having  a 
multiband  response.  During  this  convolution  the  data 
are  also  interpolated  to  provide  a  point  at  zero  path 
difference.  The  reduction  in  data  in  this  second  step 
is  about  a  factor  of  2.5,  and  the  different  parts  of  the 
spectrum  are  no  longer  related  by  a  linear  frequency 
scale.  The  different  bands  of  interest  are  extracted 
from  diffe-ent  aliases  in  this  second  filter  operation, 
so  that  the  bands  occur  adjacent,  to  one  another  in 
the  principal  alias  and  hence  occupy  the  smallest  pos¬ 
sible  frequency  band  (see  Figure  13-3).  Finally,  a 
Fourier  transform  is  performed  on  a  single-ended 
interferogram  consisting  of  about  90,000  data  points. 
The  time  of  computation  on  our  360/67  computer  is 
about  5  min  for  tape  reading  and  the  first  filter  opera¬ 
tion,  and  about  6  min  for  the  second  filter  operation, 
interpolation,  and  transformation. 

The  study  recently  completed  by  means  of  the 
described  technique  involved  the  determination  of  line 
profiles  and  central  frequencies  as  a  function  of  pres¬ 
sure  in  the  field-induced  absorption  spectrum  of 
hydrogen  gas  at  room  temperature.  These  spectra 
constitute  the  first  quantitative  observations  of  the 
phenomenon  called  “collision  narrowing”  in  the  infra¬ 
red.  We  have  obtained  frequencies  extrapolated 
to  zero  density  with  an  estimated  accuracy  of 
0.0005  cm-1,  and  it  was  possible  to  resolve  lines  as 
narrow  as  0.01  cm-1  (see  Figure  13-4).  The  same  work 
performed  with  a  highly  developed  grating  spectro¬ 
graph  has  failed  to  yield  any  quantitative  measure¬ 
ments  of  the  collision  narrowing  phenomena,  and  has 
fallen  short  of  the  frequency  calibration  accuracy  re¬ 
ported  in  our  work.4 
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The  work  is  presently  being  extended  to  a  study  of 
the  HD  molecule  for  which  we  hope  to  measure  the 
matrix  elements  of  a  very  weak  allowed  dipole  mo¬ 
ment,  in  addition  to  the  study  of  the  field-induced 
dipole  Spectrum- 


Figure  13-4.  Variation  of  Central  Frequency  and  Line 
Width  as  a  Function  of  Density  for  a  Typical  Spectral  Line  in 
Hydrogen.  For  the  line  width  the  open  circles  are  actual  ob¬ 
served  width  and  the  triangular  dots  are  deduced  width  based 
on  comparing  actual  data  with  synthetic  spectra  generated 
with  a  computer 
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Figure  13-3.  Composite  Filter  Function  with  Multiband 
Response,  a)  Spectral  contents  of  interferogram  prior  to 
digitizing,  b)  Spectral  contents  of  interferogram  in  digitized 
form  when  represented  by  800,000  data  points,  c)  Effect  of 
first  numerical  filtering  operation  when  the  resulting  interfero- 
gram  is  highly  oversampled,  d)  Spectral  contents  of  200,000 
point  interferogram.  e)  Effect  of  second  numerical  filtering 
operation  when  the  resulting  interferogram  is  highly  over¬ 
sampled.  The  final  sample  frequency  possible  is  also  indicated. 
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Comment  (I'we  Pink,  University  of  Arizona):  I 
noticed  that  there  was  a  small  systematic  difference 
of  0.003  cm  '1  between  your  frequency  measurements 
and  the  ones  of  Pink,  Hank,  and  Wiggins.  A  measure¬ 
ment  of  less  than  about  0.020  cm-1  for  the  halfwidth 
of  the  S(l)  line  of  the  fundamental  in  the  H2  quadru¬ 
ple  spectra  was  done  about  19(>4  by  I).  H.  Hank, 
providing  the  first  quantitative  measurement  of  the 
collision  narrowing. 

Q.  (A.  L.  Pvmat,  Jet  Propulsion  Laboratory) :  The 
phetiomenon  of  collision  narrowing  of  spectral  lines  is 
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Discussion 


of  interest  in  the  investigation  of  dense  gases  such  as, 
for  example,  the  massive  atmospheres  of  the  major 
planets  in  our  solar  system  (Jupiter,  Saturn, . .  .)  I 
should  like  to  know  if  Dr.  Buijs  has  applied  his  mea¬ 
suring  technique  and  results  to  this  case. 

A.  (C.  Cumming):  No. 

Comment  (Uwe  Pink) :  The  problem  of  the  hydro¬ 
gen  quadruple  lines  in  Jupiter,  including  collision 
narrowing,  has  been  systematically  investigated  in  a 
paper  by  Uwe  Fink  and  M.  J.  Belfin  in  J.  Am.  Sci., 
Sept.  1969. 
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14.  A  High  Resolution  Far  infrared  Interferometer 


R.  B.  Sanderson  and  H.  E.  Scott 

Department  of  Physics 
The  Ohio  State  University 
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« 

Abstract 


A  high  resolution  interferometer  in  the  Michelson  configuration  has  been  de¬ 
signed  and  constructed  for  the  purpose  of  studying  the  optical  properties  of  gases 
in  either  the  symmetric  or  asymmetric  mode  of  operation.  The  performance  of 
this  instrument  in  the  20  to  250  cm-1  spectral  region  is  demonstrated  by  measure¬ 
ments  on  several  simple  molecules — CO,  HC1,  and  H2O.  A  working  resolution  of 
0.05  cm-1  is  verified  by  observation  of  the  isotopic  splitting  in  HC1  and  the  resolu¬ 
tion  of  several  doublets  in  the  H2O  spectrum.  Measurement  of  the  self-broadened 
half  widths  of  the  pure  rotational  CO  transitions,  J  =  7  through  20,  is  also  dis¬ 
cussed. 


14-1  INTRODUCTION 

A  high  resolution,  far  infrared  interferometer  has 
been  constructed  for  the  purpose  of  studying  the 
optical  properties  of  gases  by  Fourier  transform  tech¬ 
niques.  1  The  primary  interest  is  in  determination  of 
transition  probabilities  and  in  the  spectral  effects 
of  intermolecular  interactions.  For  measurements  of 
this  type,  the  instrument  should  have  the  following 
capabilities.  Since  the  spectral  widths  of  molecular 
transitions  are  typically  of  the  order  of  0.1  cm-1,  the 
resolution  should  be  at  least  this  high.  It  should  also 
be  possible  to  use  either  symmetric  or  asymmetric 
modes.  The  usefulness  of  the  asymmetric  mode  has 
been  demonstrated  by  previous  work  in  this  labora¬ 
tory2,3  and  by  Gebbie  and  Chamberlain.4,5  Finally, 
provision  should  be  made  for  future  extension  to  near 


infrared  operation.  In  this  region  the  instrumental 
problems  are  more  difficult,  and  more  sophisticated 
methods  for  determining  the  optical  path  difference 
are  required. 

In  order  to  meet  these  requirements,  the  inter¬ 
ferometer  is  built  in  the  Michelson  configuration.  The 
radiation  in  the  arms  must  be  well  collimated,  and  the 
arms  must  be  long  enough  to  accommodate  a  cell  of 
reasonable  length  in  the  asymmetric  position.  Such  a 
configuration  has,  in  general,  poor  throughput,  unless 
the  mirrors  are  inconveniently  large  and  it  is  difficult 
to  align.  In  the  present  instrument  these  problems 
have  been  minimized  by  constructing  the  optica] 
system  on  axis  and  using  “cat’s-eye”  retroreflectors''  ' 
in  the  arms.  The  use  of  retroreflectors  greatly  simpli¬ 
fies  alignment  and  reduces  the  effects  of  yaw  and  pitch 
in  the  motion  of  the  movable  mirror  assembly.  Since 
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the  secondary  mirror  of  the  cat’s-eye  assembly  ob¬ 
structs  the  beam  center,  further  loss  due  to  the  on-axis 
operation  is  not  serious. 

The  general  plan  of  the  interferometer  is  shown  in 
Figure  14-1.  It  is  built  in  two  vacuum  tanks  salvaged 
from  an  old  spectrometer.  These  tanks  are  mounted 
on  tripod  supports  and  fastened  together  rigidly  at 


Figure  14-1.  Optical  Diagram  of  Interferometer 


the  bases.  The  bed  plates  are  mounted  on  three  point 
supports  directly  over  the  tank  legs.  This  arrange¬ 
ment  permits  the  tank  walls  and  base  to  flex  when  the 
system  is  evacuated  without  misaligning  the  optics. 
The  acute  angle  between  the  arms  of  the  interferom¬ 
eter  was  dictated  by  the  size  of  the  available  tank. 
The  system  can  be  evacuated  to  a  pressure  of  1  n  by  a 
large  mechanical  pump.  The  entire  interferometer  is 
maintained  a  few  degrees  above  ambient  by  a  heating 
belt  around  the  outside  of  the  tank.  This  improves 
the  thermal  stability  of  the  interferometer. 

14-2  OPTICS 

The  source  is  a  Phillips  HPK  125  W  high  pressure 
mercury  arc.  It  is  imaged  at  a  2  cm  hole  in  the  en¬ 
trance  flat.  Cooling  is  provided  by  water  flowing 
through  copper  tubing  wrapped  around  the  base  of 
the  socket  and  around  the  portion  of  the  optical  path 
within  the  source  tank.  The  water  line  also  provides 
cooling  for  motors  used  elsewhere  in  the  interferometer. 

The  collimating  mirror,  telescope  mirror,  and  cat’s- 
eye  primaries  are  all  identical  paraboloids.  They  have 
a  diameter  of  15  cm  and  a  focal  length  of  25  cm.  The 
primary  of  the  cat’s-eye  forms  an  image  of  the  source 
on  the  small  convex  secondary  mirror.  The  curvature 
of  the  secondary  is  chosen  so  that  the  beam  splitter 
is  imaged  back  upon  itself  by  the  cat’s-eye  assembly. 
This  arrangement  optimizes  the  throughput  without 
causing  appreciable  loss  oi  resolution.  Use  of  the 


convex  secondary  improves  the  signal  by  a  factor  of 
two  over  that  obtained  using  a  plane  secondary. 

The  exit  optics  image  the  source  at  the  hole  in  the 
exit  flat.  A  6  deg  brass  condensing  cone  reduces  the 
beam  diameter  to  1  cm.  The  radiation  then  goes 
through  a  brass  light  pipe  to  the  detector  in  a  cryostat. 
The  detector  is  a  Zn  doped  GaAs  bolometer*  main¬ 
tained  at  1.5°  K. 

The  use  of  cat’s-eyes  greatly  facilitates  alignment. 
The  interferometer  arms  are  about  70  cm  long.  With 
plane  end  mirrors,  the  adjustment  of  these  mirrors  and 
of  the  beam  splitter  would  be  very  critical.  With  the 
cat’s-eyes,  alignment  is  done  by  the  following  simple 
procedure.  Cross  hairs  are  placed  in  the  hole  in  the 
entrance  flat.  When  the  cross  hairs  are  simultaneously 
imaged  on  both  secondaries  and  at  the  hole  in  the 
exit  flat,  it  is  possible  to  observe  interference  fringes. 
Final  alignment  is  done  with  the  cat’s-eye  mirrors. 
An  important  advantage  of  this  arrangement  is  the 
insensitivity  of  the  alignment  to  the  orientation  of 
the  beam  splitter.  Beam  splitters  can  thus  be  changed 
without  realigning  the  optics. 


14-3  MECHANICAL 

A  critical  part  of  the  interferometer  is  the  mecha¬ 
nism  which  must  translate  the  movable  mirror  as¬ 
sembly  in  precisely  equal  steps.  In  the  far  infrared, 
the  tolerances  are  greater  than  at  shorter  wavelengths, 
and  a  simple  system  is  satisfactory.  The  movable 
cat’s-eye  is  mounted  on  a  20  cm  comparator  screw,  f 
This  permits,  in  principle,  a  resolution  of  0.025  cm-1 
The  screw  is  driven  by  a  stepping  motor**  geared  to 
change  the  optical  path  by  0.6333  n/atep.  The  step¬ 
ping  motor  is  activated  by  a  preset  indexer**  which 
may  be  set  to  advance  the  stepping  motor  the  appro¬ 
priate  number  of  steps  whenever  it  receives  the 
triggering  signal.  The  step  size  is  arbitrary  in  the 
present  operation,  but  it  was  chosen  to  facilitate 
future  use  of  a  He-Ne  laser  control  system  at  higher 
frequencies. 

The  signal  is  modulated  at  10  Hz  by  one  of  two 
choppers.  The  first  chopper,  located  at  the  entrance 
flat,  is  used  only  for  alignment.  In  normal  operation, 
the  radiation  is  modulated  by  a  chopper  in  the  fixed 
arm.  This  chopper  is  a  well  polished  aluminum  disc 
which  extends  only  half  way  across  the  beam  and  is 
aligned  so  that  the  intensity  reflected  from  the  blade 
is  nearly  equal  to  the  intensity  transmitted  by  the 
cat's-eye  in  the  absence  of  the  blade.  The  reflected 
radiation  is  effectively  incoherent  with  the  radiation 
transmitted  by  the  cat’s-eye,  and  thus  compensates 
the  constant  term  in  the  detector  signal  without 
affecting  the  interferogram.  This  arrangement  apj  * 
ciably  reduces  the  dynamic  range  requirements  of  the 
detector  system.  The  chopper  also  modulates  the  light 
falling  on  a  photodiode  from  a  small  bulb  to  provide  a 
reference  signal. 

*  The  detector  wee  furniehed  to  us  by  R.  G.  Wheeler  of  Yale  University. 

t  D.  W.  Mann,  Co.,  Lincoln,  Maae. 

**  Superior  Electrio  Co.,  Bristol,  Conn. 
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14-4  ELECTRONICS  AND  DATA  HANDLING 

The  output  from  the  detector  is  amplified  by  a 
Tektronix  model  122  preamplifier  and  a  Perkin-Elmer 
model  107  amplifier.  The  amplified  signal  is  read  by  a 
Hewlett-Packard  model  DY-2401B  integrating  digital 
voltmeter.  The  voltmeter  has  been  modified  so  that 
the  integration  time  can  be  varied  between  1  and 
16  sec.  When  the  integration  is  completed,  the  volt¬ 
meter  produces  a  signal  which  activates  a  card  punch 
and  triggers  the  preset  indexer  to  advance  the  movable 
cat’s-eye.  The  timing  between  steps  is  provided  by 
the  internal  circuitry  of  the  voltmeter.  The  actual 
transformation  is  done  on  the  IBM  360-75  at  the 
Ohio  State  University  Computer  Center. 

14-5  SAMPLE 

The  sample  cell  is  normally  placed  in  one  of  the 
two  locations  indicated  in  Figure  14-1.  The  cell 
mount  is  pivoted  under  the  beam  splitter  so  that  the 
cell  can  be  rotated  into  the  symmetric  or  asymmetric 
position  without  breaking  either  the  instrument 
vacuum  or  the  connection  from  the  cell  to  the  sample¬ 
handling  system.  This  arrangement  permits  obtaining 
both  symmetric  and  asymmetric  data  on  the  same 
sample.  It  is,  however,  necessary  to  evacuate  the  cell 
to  obtain  a  background. 

The  cell  which  has  be'”'  used  for  all  measurements 
to  date  is  22.5  cm  long  and  has  a  diameter  of  11.2  cm. 
The  windows  are  polypropylene,  about  1.5  mm  thick. 
They  were  wedged  by  cutting  one  surface  to  a  conical 
form  on  a  lathe.  One  window  is  convex;  the  other  is 
concave.  This  makes  the  optical  path  roughly  the 
same  at  all  points  of  the  aperture.  While  only  slightly 
reducing  the  effectiveness  of  the  wedging  in  reducing 
the  channel  spectra  in  the  symmetric  mode,  this 
arrangement  reduces  the  “pseudo-coherence”  effect8 
which  would  normally  make  wedged  windows  un¬ 
usable  in  the  asymmetric  mode. 

14-6  OPERATION 

The  spectral  region  is  determined  by  the  choice  of 
Yoshinaga  filter  and  beam  splitter.  The  most  com¬ 
monly  used  combinations  are  listed  in  Table  14-1. 
In  addition,  black  polyethylene  is  always  used  at  the 
exit  hole,  and  there  is  a  sapphire  window  on  the 
detector  housing. 

The  presently  used  Fourier  transform  programs 
can  accept  a  maximum  of  8192  input  points  in  the 
symmetric  mode.  The  computer  adds  an  equal  num¬ 
ber  of  zeros  on  the  negative  side  of  the  central  peak, 
so  that  the  transformation  actually  extends  up  to 
16,384  points.  The  computer  is  large  enough  for  this 
to  be  doubled  to  32,768  points.  However,  the  present 
restriction  limits  the  resolution  only  at  wavenumbers 
above  200  cm-1.  The  practical  limit  to  the  number 
of  points  is  the  speed  of  the  data  acquisition  system. 
For  a  very  large  number  of  points,  the  total  running 
time  becomes  so  long  that  it  is  difficult  to  maintain 
instrumental  stability.  The  normal  maximum  elapsed 


Table  14-1.  Beam  Splitter  and  Filter  Combinations  Fre¬ 
quently  Used 


Optimum 

Spectral 

Region 

(cm-1) 

Beam 

Splitter 

Yoshinaga 

Filter 

Step 

Size 

(M) 

25-  70 

100m 

metal  mesh 

KBr,  KC1,  BaF2 

44 

50-130 

50 m 

metal  mesh 

BaF2 

25 

100-240 

6.4p 

(thickness) 

mylar 

BeO,  LiF 

19 

time  for  a  run  is  6  hr.  For  runs  which  would  require 
more  time,  it  is  better  to  reduce  the  spectral  band  by 
filtering  out  the  low  frequencies.  This  permits  in¬ 
creasing  the  step  size  and  thus  reduces  the  number  of 
points  without  sacrificing  resolution.  The  integration 
time  can  be  increased  and  more  efficient  use  made  of 
the  running  time. 

14-7  PERFORMANCE 

Performance  will  be  illustrated  by  presenting  the 
results  of  several  measurements  on  CO,  HC1,  and  H  2O. 

14-7.1  Wavenumber  Precision 

The  wavenumber  scale  calculated  in  the  Fourier 
transform  program  is  only  approximately  correct.  In 
this  program  the  optical  path  difference  between 
sampling  points  is  read  as  an  integral  multiple  of 
0.6333m-  This  is  a  nominal  step  size  based  on  the  gear 
ratio  and  rounded  to  four  figures.  In  addition  there 
is  an  error  due  to  the  divergence  of  the  beam.  There 
would  be  a  fractional  correction  to  the  observed  wave- 
numbers  of  —  4X10-4  if  the  input  solid  angle  were 
uniformly  filled.1  Since  the  solid  angle  is  not  uni¬ 
formly  filled,  the  correction  is  less  than  that.  To 
determine  wavenumbers  to  better  than  a  few  hun¬ 
dredths  of  a  reciprocal  centimeter,  the  calibration 
must  be  experimentally  determined.  Since  both  the 
above  effects  produce  an  error  proportional  to  wave- 
number,  the  deviations  can  be  represented  by  the  form 


®ob«  ^c*le  *■  0<Tc*lc  (14-1) 


The  correction  is  specified  by  a  single  number  a.  It 
is  most  conveniently  taken  into  account  by  defining 
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an  effective  step  size  in  the  transform  program 


.AA'cff  =  AA'nom(l  +a).  (14-2) 


Carbon  monoxide  is  used  as  the  calibration  stan¬ 
dard.  Below  100  cm-1  this  molecule  has  a  convenient 
series  of  narrow,  closely  spaced  lines  whose  wave¬ 
numbers9  are  known  to  better  than  0.001  cm-1.  By 
interpolating  the  spectrum10  as  it  comes  from  the 
computer  with  |x>ints  spaced  about  0.002  cm-1  apart, 
a  symmetrical  line  shape  is  obtained,  and  its  center 
can  be  located  to  about  0.001  cm-1. 

The  observed  wavenumbers  vary  with  filtering, 
step  size,  and  resolution.  However,  for  any  given 
operating  conditions,  the  consistency  is  much  better. 
The  values  of  a  range  from  nearly  zero  to  about 
—  2  X  10~4.  These  values  are  of  the  order  of  magnitude 
expected  for  the  uncertainty  in  the  step  size  and  in 
the  beam  divergence.  With  this  correction  taken  into 
account,  the  maximum  deviation  for  lines  with  good 
signal-to-noise  ratio  is  0.002  cm'1,  or  about  one 
twenty  fifth  the  resolution  width  of  the  instrument. 

1 4-7.2  Resolution 

To  |>ermit  operation  in  the  asymmetric  mode,  the 
white  light  position  is  set  at  the  center  of  the  drive 
screw.  This  choice  limits  the  maximum  optical  path 
difference  to  20  cm  and  the  resolution  to  0.05  cm-1. 
The  resolution  actually  achieved  is  demonstrated  by 
observation  of  the  splitting  of  several  doublets  in 
IK 'I  and  in  IM ). 

Figure  14-2  shows  two  regions  of  the  H^O  rotational 
spectrum  which  have  often  been  used  to  illustrate  the 
performance  of  far  infrared  s|>ectrometers.  The 
quoted  wavenumbers  have  been  determined  by  Kao 
and  Williamson  from  measurements  on  the  three 
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Figure  14-2.  Water  Vapor  Spectra.  The  Maximum  opti¬ 
cal  path  difference  w as  I IX  rut.  Then'  were  Xi!K!  input 
(mints,  eaeli  integrated  for  I  see.  In  the  XX rut '  1  region  the 
pressure  was  X  Torr;  in  the  flW.W  cm  1  region  it  was  I  Torr 


fundamental  vibrational  bands.11  In  the  38  cm-1 
region,  the  weak  line  in  the  center  of  the  triplet  is 
separated  from  the  strong  line  at  38.786  cm-1  by 
0.155  cm-1.  The  ratio  of  the  strengths  is  about  75:1. 
The  59.9  cm-1  doublet  has  a  spacing  of  0.093  cm-1. 
It  is  almost  completely  resolved. 

Figure  14-3  shows  the  region  around  100  cm-1 
which  includes  two  closely  spaced  doublets.  The  pair 
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Figure  14-3.  Water  Vapor  Spectrum.  The  maximum 
optical  path  difference  was  17.79  cm.  There  were  7024  input 
points,  each  integrated  for  1  sec.  The  pressure  was  2  Torr 


HCS 


Figure  14-4.  Hydrogen  Chloride  Spectrum.  The  maxi¬ 
mum  optical  path  difference  was  17.  IX  an.  Them  wen*  3392 
input  points,  each  integrated  fur  4  sis*.  The  pressure  was 
4  Torr 
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of  lines  at  99  cm-1  has  a  spacing  of  0.082  cm-1,  and 
the  separation  of  the  105.6  cm-1  doublet  is0.052  cm-1. 

The  rotational  lines  of  HC1  are  all  double  due  to  the 
presence  of  the  two  chlorine  isotopes.  This  doubling 
is  given  approximately  by  the  formula 


<r(HS5Cl)— <t(H37C1)  =0.032(J+1), 


where  J  is  the  lower  state  rotational  quantum  num¬ 
ber.1213  In  Figure  14-4,  the  splitting  of  tl  J  =  \ 
transition  at  41  cm-1  is  shown.  The  separation  here 
is  0.0638  cm-1. 

The  observed  resolution  clearly  approaches  the 
theoretical.  The  central  peak  can  be  moved  to  the  end 
of  the  screw  and,  in  principle,  double  the  resolution. 
However,  the  beam  divergence  would  begin  to  limit 
the  resolution,  and  it  would  become  necessary  to  stop 
down  the  entrance  or  exit  hole  at  all  but  the  lowest 
wavenumbers. 

14-8  ASYMMETRIC  MODE 

When  the  absorption  cell  is  rotated  into  the  fixed 
arm  of  the  interferometer,  the  interferogram  becomes 
asymmetric.  The  Fourier  transform  thus  includes 
phase  shifts  from  which  the  index  of  refraction  can  be 
calculated.  The  index  information  provides  a  useful 
supplement  to  the  absorption  data.  Through  the  dis¬ 
persion  relations,  the  index  of  refraction  can  provide 
information  about  the  absorption  in  regions  where  the 
absorption  cannot  be  directly  measured.  This  idea 
has  been  particularly  useful  in  measuring  line  strengths 
in  situations  where  it  is  difficult  to  obtain  either  suf¬ 
ficient  resolution  or  weak  enough  lines  to  employ  the 
usual  techniques. 

Figure  14-5  shows  the  index-of-refraction  spectrum 
for  a  portion  of  the  pure  rotational  band  of  CO.  In 
the  case  of  CO,  the  electronic  contribution  to  the  index 
of  refraction  is  much  greater  than  the  rotational 
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Figure  14-A  Index  of  RrfrmrUou.of  CO  Norroaliard  (o 
Ooe  Atmosphere  Prrwurr.  An  arbitrary  ronxtnnt  hiu  turn 
•ublrmcted  from  the  value*  before  plotting 


contribution.  Since  only  the  rotational  part  is  of 
interest  in  this  study,  an  arbitrary  constant  has  been 
subtracted  from  the  observed  indices.  In  the  figure, 
only  changes  in  the  index  are  meaningful. 

The  line  strengths  of  CO  have  been  calculated  from 
this  run  by  techniques  described  elsewhere.2  They 
are  in  agreement  with  those  calculated,  assuming  a 
dipole  moment  of  0.112  D,  with  about  10  percent 
uncertainty.14  With  only  slightly  more  refined  mea¬ 
surements,  the  stretching  contributions  should  become 
observable,  thus  permitting  a  clear  determination  of 
the  sign  of  the  effective  charge. 

14-9  CARBON  MONOXIDE  LINE  WIDTHS 

As  a  further  indication  of  the  performance  of  the 
interferometer  in  applications  to  quantitative  spec¬ 
troscopy,  the  self-broadened  half  widths  in  the  rota¬ 
tional  spectrum  of  CO  were  measured.  The  CO  lines 
are  narrow  and  have  half  widths  on  the  order  of  the 
resolution  of  the  instrument.  Ability  to  measure  the 
widths  of  these  lines  depended  strongly  on  the  quality 
of  the  apparatus  function  of  the  interferometer. 

There  have  been  many  studies  of  the  CO  line 
widths  in  the  vibration-rotation  band.13,16  Theoreti¬ 
cal  calculations  based  on  the  Anderson  theory  have 
been  carried  out  by  Benedict  and  Herman.17  Re¬ 
cently,  Dowling  measured  the  pure  rotational  widths 
using  a  lamellar  grating  interferometer. 18  In  this 
latter  work,  effective  half  widths  were  measured 
directly  from  the  spectrum.  Theoretically  calculated 
corrections  were  applied  to  remove  the  effect  of  the 
apparatus  function  and  to  correct  for  other  sources  of 
instrumental  error.  The  Lorcntz  half  widths  were 
then  calculated  from  the  effective  half  widths. 

Essentially  the  same  procedures  were  followed  in 
our  analysis.  The  validity  of  these  procedures  de¬ 
pends  on  the  assumption  that  any  significant  errors 
in  the  interferometer  are  sufficiently  well  understood 
that  their  effects  on  the  line  breadth  can  bo  calculated. 

The  rotational  line  widths  wen*  obtained  from 
13  runs  made  at  pressures  ranging  from  499  to 
745  Torr.  The  length  of  the  cell  was  22.5  cm  and  the 
temperature  was  maintained  at  302±  1°  K.  Two  dif¬ 
ferent  filter  combinations,  as- shown  in  Table  14-1, 
were  used  to  cover  the  ranges  25  to  70  cm"1  and 
50  to  130  cm"1. 

To  optimise  the  signal-to-noisc  ratio,  it  is  desirable 
to  use  the  lowest  resolution  consistent  with  keeping 
the  apparatus  function  corrections  small.  1‘sing  the 
formula  given  by  Dowling,18  the  effect  of  an  un- 
a|x>dited  apparatus  function  on  the  width  of  a  Isirenti 
line  can  be  calculated.  Csing  this  formula,  a  maximum 
optical  path  difference  of  10.4  cm,  corresponding  to  a 
resolution  of  0.096  cm"1,  was  chosen.  For  this  reso¬ 
lution,  apparatus  function  correction  was  necessary 
only  for  the  weakest  lines  observed. 

Kotntionul  transitions  from  J  -5  (23.005  cm"1)  to 
J  ■  27  (107.124  cm-1)  were  observer!.  However,  only 
the  transitions  from  J  ■»  7  to  J  -  20  were  used.  Below 
J  - 7.  the  signal-to-noisc  ratio  was  too  low;  above 
J  “20,  the  lines  wen*  too  weak. 
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Background  runs  were  made  by  running  empty  cell 
interferograms  at  the  lowest  resolution  consistent 
with  reproducing  all  the  remaining  channel  spectra. 
These  background  interferograms  were  extended  to 
the  same  length  as  the  sample  interferograms  and 
transformed.  The  transmittance  curve  defined  by 
taking  the  ratio  of  the  sample  spectrum  to  the  back¬ 
ground  spectrum  has  a  straight  base  line  without 
appreciable  loss  of  signal-to-noise.  The  line  profiles 
were  then  obtained  by  interpolating  points  at  intervals 
of  0.004  cm-1  between  the  calculated  points.  The 
same  program  formed  averages  over  suitably  chosen 
intervals  in  the  line  wings  to  define  the  100  percent 
transmittance  level  and  calculate  the  width  of  the  line 
at  one  half  maximum  absorption  (the  effective  width). 

Assuming  the  Lorentz  shape,  the  transmittance  in 
the  neighborhood  of  an  isolated  absorption  line  is 
given  by  the  expression 


effective  line  width  was  corrected  for  the  apparatus 
function,  if  necessary,  and  normalized  to  1  atmo¬ 
sphere.  Equation  (14-6)  was  then  solved  for  7°  by 
an  iteration  procedure.  In  this  calculation,  line 
strengths  corresponding  to  a  dipole  moment  of 
0.112  D  were  used.14  The  half  widths  resulting  from 
this  procedure  showed  no  systematic  pressure  de¬ 
pendence  except  for  a  few  lines  at  J>20.  For  this 
reason,  these  lines  were  omitted  from  the  analysis. 

No  other  instrumental  corrections  were  applied. 
Other  calculable  sources  of  error,  such  as  the  linear 
drift  and  the  beam  divergence,  were  analyzed  and 
found  to  have  a  negligible  effect  on  our  widths.  Many 
of  these  effects  are  much  smaller  for  the  Michelson 
interferometer  than  they  are  for  the  lamellar  grating 
instrument. 

Values  of  the  Lorentz  half  widths  for  the  lines  J  =  7 
through  J  =  20  are  listed  in  Table  14-2  and  are  plotted 


T(a)  =exp  [— A-(<r)/], 


(14-3) 


Table  14-2.  Half  Widths,  y°,  for  the  Pure  Rotational 
Transitions  of  CO  at  7* *■302®  K 


where  l  is  the  absorption  path  length,  and 
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r  (<r-o0)2+>2 


(14-4) 


is  the  Lorentz  sl(u|H*;  S  =  S°I>  is  the  line  strength ;  <r» 
is  the  wavenumber  of  the  line  center;  and  7 =  7°/*  is 
the  Lorentz  half  width.  The  effective  half  width  7, 
is  defined  bv 


7  («T n rfc 7 ,)  i(l  "+* 7* (<T o) )• 


(14-:.) 


J 

Wave- 

number 

(cm-1) 

7° 

(cm-1  atm-1) 

rms 

Devia¬ 

tion 

(cm-1) 

Number 
of  Lines 
Mea¬ 
sured 

7 

30.748 

0.0618 

0.0015 

3 

8 

34.588 

0.0597 

0.0014 

6 

9 

38.426 

0.0581 

0.0019 

6 

10 

42.263 

0.0574 

0.0018 

5 

11 

46.098 

0.0552 

0.0011 

6 

12 

49.932 

0.0546 

0.0010 

6 

13 

53.763 

0.0522 

0.0020 

7 

14 

57.593 

0.0524 

0.0015 

8 

15 

61.420 

0.0512 

0.0015 

11 

16 

65.245 

0.0500 

0.0016 

10 

17 

69.068 

0.0510 

0.0013 

5 

18 

72.888 

0.0510 

0.0013 

5 

19 

76.705 

0.0527 

0.0015 

4 

20 

80.519 

0.0514 

0.0020 

4 

This  definition  leads  to  an  equation  relating  the 
effective  half  width  to  the  Dircutx  half  width; 
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where  i  w  SI  It.  i  .  Since  x  is  indc|tendent  of  pressure, 
tin'  effective  half  width  is  proportional  to  pressure, 
jii't  a*  the  Lorentz  half  width  is.  Each  observed 


in  Figure  14-6.  The  error  bars  are  standard  deviations 
and  do  not  reflect  any  estimate  of  residual  systematic 
errors.  An  uncertainty  of  2  percent  in  locating  the 
100  percent  base  line  leads  to  an  error  in  the  half 
width  of  about  3.5  percent  or  0.0018  cm" '/atm. 
This  is  consistent  with  the  calculated  standard  devia¬ 
tions.  The  signal-to-noise  ratio  in  the  apcctrunt  was 
about  oO:  I  above  35  cm"1  At  lower  wavenumbers, 
it  was  somewhat  (ss.rer. 

Comparison  with  the  results  of  Dowling IH  is  good 
only  fur  the  lowest  frequency  lines.  Nb  evidence  was 
seen  of  the  discontinuity  observed  by  Dowling  at 
J  m  0.  At  high  J  values,  our  widths  are  greater  than 
those  of  Dowling  and  show  some  tendency  to  increase 
with  increasing  J.  The  near  infrared  data  show  con¬ 
siderable  scatter  fo  in  one  ohserver  to  another.16  At 
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Figure  14-6.  Lorentz  Half  Widths  of  the  Pure  Rotational 
Lines  of  CO  at  7— 302°  K.  J  is  the  lower  state  quantum 
number 


least  for  the  low  J  lines,  we  show  reasonably  good 
agreement  with  the  measurements  of  Benedict,  Her¬ 
man,  Moore,  and  Silverman15  and  with  the  theoretical 
calculations  of  Benedict  and  Herman,17  assuming  a 
quadrupole  moment  of  4X10"  26  esu-cm2. 

The  tendency  of  the  line  widths  to  increase  at  high 
J  values  indicates  the  presence  of  uncorrected  system¬ 
atic  errors.  It  is  unlikely,  on  theoretical  grounds,  that 
the  lines  actually  become  broader  in  this  region.  This 
behavior  is  probably  due  to  small  errors  in  the  ap¬ 
paratus  function  which  have  not  been  taken  into 
account  in  this  analysis.  The  effective  widths  of  these 
lines  are  not  much  greater  than  the  width  of  the 
apparatus  function  and  will  be  sensitive  to  small 
errors  in  the  apparatus  function.  The  low  J  lines  are 
considerably  broader,  and  appear  to  be  more  accurate. 

Improvement  in  the  high  J  lines  will  require  two 
improvements  in  the  analysis.  The  J  decadence  of 


the  dipole  moment  matrix  elements  should  be  taken 
into  account.  Assuming  that  the  effective  charge  is 
negative, 1 5  the  strength  of  the  J  =  20  transition  must 
be  reduced  by  8  percent  and  the  width  must  be  in¬ 
creased  by  4  percent.  As  pointed  out  earlier,  the 
asymmetric  measurements  should  permit  unambigu¬ 
ous  determination  of  the  direction  of  this  correction. 
Secondly,  the  apparatus  function  should  be  measured 
directly,  such  as  by  observing  very  narrow  lines. 
Realistically,  one  should  not  expect  to  be  able  to 
calculate  an  accurate  apparatus  function  from  the 
considerations  used  here. 

14-10  CONCLUSION 

In  general,  the  interferometer  has  performed  in 
accordance  with  expectations.  It  works  very  well  at 
wavenumbers  below  130  cm-1.  At  higher  wave- 
numbers  the  performance  deteriorates.  Spectra  have 
been  obtained  to  240  cm-1  with  good  resolution  but 
with  noticeable  deterioration  in  the  apparatus  function 
and  in  the  signal-to-noise  ratio.  Satisfactory  operation 
at  high  frequencies  will  depend  on  the  development  of 
an  active  control  system  for  the  optical  path  differ¬ 
ence.  Such  a  system  is  currently  under  construction. 
When  this  system  is  in  use,  the  beam  from  a  He-Ne 
laser  will  run  through  the  interferometer  in  parallel 
with  the  infrared  beam  using  the  outer  edge  of  the 
cat’s-eyes.  The  stepping  motor  will  advance  the 
comparator  screw  a  distance  which  is  approximately  a 
multiple  of  the  laser  wavelength.  A  servomechanism 
driven  by  the  laser  fringes  will  adjust  the  fixed  cat’s- 
eye  to  make  the  path  difference  an  exact  multiple  of 
the  laser  wavelength. 

The  authors  wish  to  acknowledge  the  continuing 
interest  and  assistance  in  the  construction  and  ojiorn- 
tion  of  the  interferometer  of  K.  K.  Bell.  1".  1*.  Dickey, 
and  J.  T.  White. 
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Abstract 


An  analog  and  a  hybrid  computer  were  used  to  simulate  the  performance  of  the 
mirror  drive  system  of  a  Michelson  interferometer  with  a  long  path  difference. 
Separate  simulations  were  performed  for  the  stepping  and  the  servo-cont rolled 
position-holding  modes  of  operation.  These  simulations  were  performer!  to  evaluate 
the  system  under  a  wide  variety  of  conditions  and  to  optimise  the  design. 


15-1  INTRODUCTION 

A  Miehelson  interferometer  with  a  2-mcter  path 
difference  is  being  developed.  The  mirror  drive  system 
operates  in  the  step  and  integrate  modi  in  which  the 
mirror  is  stationary  during  the  measurem-nt  and  then 
rapidly  steps  to  the  nest  position.  The  le'iglh  of  the 
step  can  be  adjusted  from  X  to  1000  fringes  of  the 
tft.'S  A  reference  line.  The  stepping  time  muM  be 
mini mi  led  since  it  is  an  essentially  wasted  portion  of 
the  total  measurement  time. 

The  long  path  difference  and  fast  stepping  require¬ 
ments  led  to  the  development  of  a  two-part  drive 
system*.  The  first  part  consists  of  a  motor  similar  to 
the  driver  in  a  loudspeaker.  This  steps  the  mim»r 
from  one  position  to  the  next.  The  second  pr.rt  con¬ 
sists  of  an  assembly  which  moves  the  motor  mount 
at  constant  speed.  These  motions  are  combined  am! 
produce  the  modified  staircase  shown  in  Figure  15-1. 
A  position-holding  servo  is  engaged  at  the  end  of  the 
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step  and  holds  the  mirror  in  the  proper  position  during 
the  measurement  of  the  data. 

Computer  simulations  »ve;.  performed  to  obtain 
design  and  performance  data  and  to  optimise  the 
system  parameters.  The  stepping  times  and  optimum 
braking  points  for  several  values  of  stepping  distance, 
damping,  and  driving  farces  were  found  with  an  analog 
computer.  A  hybrid  computer  simulated  the  system 
in  the  position  holding  mode,  and  an  automatic 
parameter  search  was  made  in  order  to  find  an  opti¬ 
mum  set  of  design  parameters.  These  produce  per¬ 
formance  characterized  by  fast  response,  good 
stability,  little  ripple,  and  minimum  error. 

15-2  CHARACTERISTICS  Of  THE  MIRROR  DRIVE 
SYSTEM 

The  magnetic  motor,  power  amplifier,  feedback 
circuit,  and  mechanical  load  are  shown  in  Figure  15-2. 


The  symbols  used  in  the  analysis  are  defined  in 
Table  15-1. 

The  motor  exerts  a  constant  accelerating  force  on 
the  mirror  until  it  reaches  a  predetermined  position. 
Then  a  braking  force  is  applied  which  brings  the 
mirror  to  a  stop  at  the  end  of  the  step.  Several  motors, 
capable  of  developing  forces  of  up  to  20  lb  or  88.96  N, 
were  designed  and  simulated.  The  values  of  R,  L,  i, 
and  D  were  obtained  from  these  designs. 

The  simulat:ons  include  the  effect  of  viscous 
friction,  which  consists  of  the  damping  produced  by 
the  magnetic  flux  cutting  the  metal  coil  form,  and  the 
effect  of  fluid  damping.  Stiction  and  Coulomb  friction 
are  also  simulated.  Pre  vision  was  made  in  the 
program  to  include  the  effects  of  mechanical  com¬ 
pliance,  but  it  has  been  neglected  in  the  initial  sets  of 
data. 

15-3  SIMULATION  OF  THE  MIRROR  DRIVE  SYSTEM  IN 
THE  STEPPING  MODE 

1 5-3. 1  Derivation  of  the  Computer  Equations 

The  equation  for  the  electrical  portion  of  the  system 
shown  in  Figure  15-2  is 


Ga(Eia-HRi)=Ljt+Ri+D~,  (15-1) 

Figure  15-2.  Magnetic  Motor  and  Load 


Table  15-1.  Symbols  Used  in  Magnetic  Motor  and  Load 
Analysis 


or,  when  solve  1  in  terms  of  di/dt, 


.1/  =  Mass  of  the  movable  mirror  and  its  carriage 

B !  =  Viscous  friction  coefficient 
Bo  =A  nonlinear  factor  representing  stiction 
and  Coulomb  friction 
K  =  Mechanical  compliance 
A'/.v  =  Source  voltage 
G„  -  Power  amplifier  gain 
I  II  =  Feedback  factor 
R  =  Resistance  of  the  coil  circuit 
.A  =  Inductance  of  the  coil  circuit 
i  =  Coil  current 

I  =Coil  current  (machine  variable) 
i  I)  =  Electromagnetic  coupling  coefficient 

I  ,c  =  Mirror  displacement 

.V  =  Mirror  displacement  (machine  variable) 

I  ./•  =  Mirror  velocity 

1  X  =  Mirror  velocity ''machine  variable; 

1  d  =  Analog  computer  time  scale  factor 

0  —  Tachometer  constant 

A* i  (lain  of  the  amplifier  in  the  tachometer 
feedback  loop 

Ko  -Cain  of  the  amplifier  in  tli"  position  feed¬ 
back  loop 

/•’(.n  -  Voltage  versus  position  characteristic  of  the 
position  reference 


di  ,  GaEi„  GaHRi  Ri  D.  „  _  m 

L — T_r*-  (15'2> 


The  equation  for  the  mechanical  portion  of  the  system 
is 


d\vz=..  =  Di_BiX_K  Jh 
dt2  t:  M  M  M  X  M  ' 


(13-3) 


liquations  (15-2)  and  (15-3)  were  programmed  for 
solution  on  an  analog  computer.  The  time  and 
amplitude  sole  factors  were  obtained  from  the 
theoretical  values  of  stepping  distance,  stepping  time, 
and  maximum  velocity  when  equal  acceleration  and 
braking  forces  and  no  damping  wen1  used.  If  the 
(‘((nations  are  scaled  for  a  stepping  distance  of  1000 
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fringes  of  the  6328  A  reference,  and  are  written  in 
terms  of  the  machine  variables,  the  results  are: 


Figure  15-4.  Function  Representing  Stietion  and 
Coulomb  Friction 


The  analog  computer  program  for  solving  Eqs. 
(15-4)  and  (15-5),  with  zero  initial  conditions,  is  shown 
in  Figure  15-3.  The  portion  of  the  circuitry  below  the 


Figure  15-3.  Analog  Computer  Diagram  for  Simulating 
tin'  Stepping  Mode  of  Operation 


dotted  line  is  used  to  generate  B?,  which  has  the  form 
shown  in  Figure  15-4.  Stietion.  B„  is  effective  until 
the  velocity  reaches  a  small  value,  b.  then  Coulomb 
friction,  Bc,  becomes  effective.  The  relative  magnitude 
of  stietion,  Coulomb  friction,  and  the  velocity  at  the 
transition  point  are  adjustable. 

1 5-3.2  Results  of  the  Stepping  Mode  Simulation 

An  input  voltage  with  a  rectangular  waveshape 
was  used,  and  the  response  of  the  mirror  was  simulated 
for  several  values  of  motor  time  constant.  The  results 
are  shown  in  Figure  15-5.  The  stepping  distance  was 
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Figure  15-5.  Response  of  the  Mirror  as  a  Function  of 
A*  and  L 


1000  fringes  of  the  reference  line  and  no  feedback 
around  the  power  amplifier  was  used.  Feedback 
effectively  reduces  the  time  constant,  and  the  desired 
response  can  be  obtained  by  a  suitable  choice  of  U„ 
and  //.  Feedback  was  used  in  the  remainder  of  the 
simulations,  and  the  values  of  (!„  and  II  were  chosen 
to  give  a  response  similar  to  the  one  shown  in  Figure 
15-5a. 
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Figure  15-0.  Stepping  Time  vs  Stepping  Distance 


NUMBER  of  fringes  stepped 


NUMBER  OF  FRWGES  STEPPED 


Figure  15-7.  Mirror  Velocity  vs  Stepping  Distance 


The  fixed  parameter  values  are:  ft,,  =  10,  //  =  0.1), 
I)-S. SIMS,  H  —■  2.5  ohms,  /,  =  10_  l //,  and  .l/  =  9.1  kg. 
The  variable  parameters  are:  the  stepping  distance, 
viscous  friction,  stiction  and  (’oulomh  friction,  and  the 
acceleration  and  braking  forces.  The  stepping  times 
and  maximum  mirror  velocities  as  functions  of  step¬ 
ping  distance  are  shown  in  Figures  1  5-0  and  15-7.  The 
location  of  the  braking  point  is  critical  if  the  mirror  is 
to  reach  tin1  end  of  the  step  and  be  caught  by  the 
servo.  The  optimum  braking  points  arc  shown  in 


Figure  15-N.  Stiction  and  Coulomb  friction  effects 
have  been  neglected  in  these  results. 

When  stiction  and  Coulomb  friction  are  included, 
the  response  is  slowed  slightly  as  shown  in  Figure 
15-9.  This  effect  is  not  serious  in  the  stepping  mode 
because  there  are  sufficient  forces  available  to  over¬ 
come  stiction  and  the  slight  additional  stepping  time 
can  be  tolerated.  However,  ii  servo-controlled 
mode,  stiction  is  an  imports!  m  because  it 

produces  position  errors. 
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ACCELERATION  a  8RAKNG  ACCELERATION  8  BRAKING 

FORCE  •  88  96  NEWTONS  •  20  POUNDS  FORCE  *  22.24  NEWTONS  •  S  POUNDS 


10  100  1000  10  100  1000 


NUMBER  OF  FRINGES  STEPPED  NUMBER  OF  FRINGES  STEPPED 

Figure  15-8.  Braking  Points  vs  Stepping  Distance 


Figure  15-9.  Effect  of  Stiction  and  Coulomb  Friction  in 
the  Stepping  Mode 


1 5-4  SIMULATION  OF  THE  MIRROR  DRIVE  SYSTEM  IN 
THE  POSITION  HOLDING  MODE 

The  position-holding  servo  is  engaged  when  the 
mirror  reaches  the  end  of  the  step.  A  diagram  of  the 
modified  system  is  shown  in  Figure  15-10.  A  com¬ 
parator  activates  the  servo  bv  closing  the  tachometer 
and  position  feedback  loops  and  by  removing  the 
driving  source  voltage.  The  reference  for  the  position 
feedback  is  simulated  by  generating  the  function 
F  r)t  shown  in  Figure  15-11,  in  the  computer.  The 
servo  will  operate  properly  as  long  as  the  position 


error  is  less  than  |.Tj.  If  the  error  exceeds  Ml,  the 
system  will  drive  Che  mirror  to  the  wrong  point. 
Knowledge  of  the  optimum  braking  point  is  important 
because  late  brake  application  leaves  the  mirror  with 
too  much  speed  and  the  servo  cannot  eatcli  it  before 
the  position  error  exceeds  pi,.  Early  brake  applica¬ 
tion  stops  the  mirror  before  it  reaches  the  end  of  the 
desired  stepping  distance  and  the  servo  will  not 
engage. 

The  equation  for  the  electrical  portion  of  the  system 
is 

(»„[  —  K  i  ff.r  —  K  oFf.i')  — //  Ri\ 


ISO 


The  addition  of  the  feedback  loops  does  not  change 
the  equation  for  the  mechanical  portion  of  the 
system  and  Eq.  (15-2)  still  applies. 

Several  interesting  problems  may  arise  when  this 
system  is  simulated.  First,  the  mirror  may  have  an 
initial  velocity  when  the  servo  is  engaged,  which  will 
not  allow  it  to  be  caught.  The  allowable  velocity  is 
a  function  of  the  parameters  of  the  system,  which 
define  a  velocity  window.  The  mirror  can  only  be 
caught  by  the  servo  if  its  initial  velocity  lies  within 
this  window.  Second,  the  time  response  and  error  are 
also  functions  of  the  parameters.  The  solution  of 
these  problems  is  difficult  to  obtain  with  a  standard 
analog  computer  because  of  the  viu>t  number  of  param¬ 
eters  which  must  be  investigated.  A  hybrid  or  a 
general  purpose  digital  computer  is  more  suited  to 
problems  of  this  type  and  can  be  programmed  to 
find  an  optimum  solution. 

A  hybrid  computer  was  programmed  to  solve  Eqs. 
(15-2)  and  (15-3).  The  diagram  of  the  set-up  is 
shown  in  Figure  15-12.  Initial  conditions  used  are 
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Figure  15-12. 


Figure  15-11.  Position  Refer,  ice 


Hybrid  Computer  Diagram  for  Simulating  the  Position-Holding  Mode  of  Operation 
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controlled  by  the  digital  part  of  the  computer.  The 
computer  automatically  varies  the  initial  mirror 
velocity,  the  initial  coil  current,  tachometer  and 
position  feedback  gain,  and  the  viscous  damping.  The 
parameters  are  varied  according  to  a  program,  and  a 
solution  is  obtained  for  each  set  of  parameters.  The 
computer  automatically  decides  if  the  solution  is 
valid.  A  valid  solution  is  one  in  which  the  position 
error  neve*-  exceeds  |A|,  the  error  converges  to  zero, 
and  it  reaches  |Aj  within  a  specified  time.  The 


Figure  15-13.  Example  of  a  Velocity  Window 


Q.  (J.  V.  Kline,  Colorado  School  of  Mines):  Have 
you  built  this? 

A.  (J.  Hoffman,  Jr.):  It  is  in  the  process;  this 
system  is  presently  under  development.  Computer 


computer  records  the  parameters  and  indicates  if  the 
solution  is  valid.  If  so,  the  initial  velocity  is  incre¬ 
mented  and  another  solution  is  obtained.  If  an 
invalid  solution  occurs,  the  initial  velocity  is  reset  to 
its  starting  value  and  another  parameter  is  changed 
according  to  the  program. 

An  example  of  a  velocity  window  is  shown  in  Figure 
15-13.  The  mirror  can  be  caught  if  its  initial  velocity 
lies  between  the  KF—K\6  plane  and  the  curved 
surface.  Similar  curves  car  be  obtained  for  other 
parameter  values. 

Stiction  and  Coulomb  friction  cause  position  errors 
in  the  servo  mode  of  operation.  Several  solutions  of 
this  problem  a.  '  possible.  The  first  involves  a  system 
to  change  the  gain  in  the  position  feedback  loop  as  a 
function  of  position  error.  This  method  will  yield 
only  partial  correction.  The  second  method  involves 
correcting  the  path  difference  without  further  ad¬ 
justment  of  the  movable  mirror.  A  piezoelectric 
crystal  is  used  to  mount  a  small  mirror  in  the  optical 
system  of  one  of  the  letroreflectors.  The  mirror  is 
servoed  to  adjust  the  path  difference  to  the  desired 
value, 

15-5  SUMMARY 

This  paper  illustrates  a  technique  in  which  it  is 
possible  to  use  a  computer  to  simulate  an  electro¬ 
mechanical  mirror  drive  system  and  determine  its 
performance  characteristics.  It  is  also  possible  to 
optimize  the  design  by  means  of  the  simulation. 


Discussion 


simulation  is  useful  to  determine  the  optimum 
parameters  for  the  mirror  system  and  can  be  per¬ 
formed  much  easier  than  by  the  experimental  method. 
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16.  Modifications  to  the  Aerospace 
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Abstract 


« 


Modifications  to  the  lamellar  grating  interferometer  are  discussed  including  a 
tungsten  source,  an  aluminum  lamellar  grating,  and  external  adjustments  for  the 
final  mirror  before  the  exit  aperture.  Two  planned  modifications  are  the  replace¬ 
ment  of  the  Czerny-Turner  mirrors  by  an  off-axis  paraboloid  and  the  installation 
of  a  laser  measuring  system. 


16-1  INTRODUCTION 

Since  the  description1, 2  of  the  Aerospace  Cor¬ 
poration  lamellar  grating  interferometer  was  pub¬ 
lished  in  1966,  there  have  been  several  significant 
modifications  to  the  instrument  which  have  improved 
its  performance.  These  modifications  will  be  de¬ 
scribed  and  discussed.  Finally,  some  major  changes 
which  are  anticipated  in  the  next  several  months  will 
be  mentioned. 


16-2  DESCRIPTION  OF  CHANGES 

First,  the  optical  luvout  of  the  instrument  will  be 
reviewed.  This  is  shown  in  Figure  16-1.  The  instru¬ 
ment  is  a  double  beam  interferometer  designed  to 
operate  in  the  far  infrared  beyond  260  cm-1.  The 
two  beams  are  formed  from  the  source  and  the  two 
ellipsoidal  mirrors,  Mi  and  Mg-  One  major  change 
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has  been  in  this  radiation  source.  The  upper  of  the 
two  beams  is  folded  by  mirrors  and  .\I5  to  pass 
through  the  sample  area.  The  lower  beam  is  a 
reference  beam  and  passes  unchanged  under  the 
sample  area.  It  is  folded  up  by  mirror  M3.  The  two 
beams  are  then  combined  ISO  deg  out  of  phase  by  the 
rotating  chopper  wheel  M6.  The  ac  component  of  this 
combined  beam  is  the  difference  between  the  two 
beams.  The  combined  beam  is  then  refocussed  by  the 
spherical  mirror  M?  and  folded  into  the  interferom¬ 
eter  optics  by  mirrors  M8,  Mg,  and  Mi0.  The  en¬ 
trance  aperture  lies  immediately  after  mirror  Mg. 
The  beam  is  rendered  parallel  by  the  bottom  Czerny- 
Turner  mirror  Mu,  strikes  the  lamellar  grating,  and 
is  then  refocussed  by  the  upper  Czerny-Turner  mirror 
M12.  Another  of  the  major  changes  has  been  in  the 
lamellar  grating.  An  anticipated  change  is  in  the 
Czerny-Turner  system,  Mu  and  Mi2.  The  refo¬ 
cussed  beam  is  directed  by  mirror  M|3  to  the  exit 
aperture  which  is  located  on  the  end  of  the  light  pipe 
to  the  detector.  The  last  major  change  has  been  to 
mirror  Mi3.  ' 

Perhaps  the  most  significant  change  in  the  instru¬ 
ment  has  been  the  utilization  of  a  tungsten  coiled-coil 
lamp  as  a  far-infrared  source.  This  lamp  is  a  com¬ 
mercial  tungsten  lamp*  with  half  of  the  quartz 
envelope  cut  away.  The  remaining  half  is  aluminized 
on  the  inside  to  eliminate  channel  spectra  arising 
from  reflections  off  the  outside  surface.  The  per¬ 
formance  of  this  source  is  superior  to  a  mercury  arc 
above  about  tit)  cnt-1.  Spectra  showing  the  intensity 
distributions  of  a  mercury  aref  and  a  tungsten  lamp 
appear  in  Figure  l(>-2.  The  two  beams  of  the  in- 
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strument  are  collected  from  different  portions  of  the 
source.  Since  the  difference  between  the  two  beams 
is  being  considered,  this  has  led  to  severe  stability 
problems  when  using  mercury  arcs  due  to  arc  wander 
and  envelope  inhomogeneities.  The  use  of  a  tungsten 
lamp  has  eliminated  the  stability  problems  of  the 
mercury  arc  and  has  allowed  spectra  to  be  measured 
up  to  250  cm-1.  Of  course,  for  low-wavenumber 
investigations,  the  mercury  arc  must  still  be  used. 
The  stability  problems  are  somewhat  eased  because 
the  mercury  arc  can  now  be  filtered  at  about  50  to 
60  cm-1  so  that  only  the  plasma  and  not  the  hot 
envelope  acts  as  a  source. 

Since  the  bare  tungsten  coil  will  oxidize  quit' 
rapidly  if  operated  in  air,  vacuum  operation  is  a 
necessity.  Since  the  instrument  was  already  h.  "ated 
in  a  vacuum  chamber  to  eliminate  water  vapor 
interference,  this  proved  no  problem.  The  instrument 
is  generally  operated  at  better  than  10-5  Torr 
vacuum.  The  operating  characteristics  of  the  lamp 
must  be  adjusted  to  account  for  the  different  heat 
load  in  the  vacuum.  Typically,  the  lamp  is  operated 
at  about  one  third  power  (110  W)  and  a  color  tem¬ 
perature  of  2500°  K.  Lifetimes  of  the  order  of  200  hr 
are  usual.  Failure  of  the  lamps  is  preceded  by  a 
gradual  change  in  cold  resistance  from  3.1  to  3.5  ohms. 

Provision  must  be  made  to  cool  the  sealed  ends  of 
the  lamp.  A  water-cooled  mount  was  designed  for  this 
purpose  (see  Figure  10-3).  The  mount  and  baffle 


Figure  16-3.  Sourre  Mount  and  Housing 


(  •using  are  designed  to  permit  easy  change  between 
tungsten  and  mercury  sources  without  having  to 
realign  the  optics.  This  is  done  by  having  the  source 
mount  on  a  holder  which  accurately  and  reproducible 
plugs  into  and  is  heat  sunk  to  a  water-cooled  block. 
Fleet rionl  connections  arc  made  separately.  The  use 
of  these  plug-in  mounts  greatly  reduces  downtime 
when  changing  sources  and  eliminates  the  need  for 
realignment  at  those  times 

Another  change  made  ,n  the  ii  strument  is  the 
replacement  of  tin-  original  Pyrcx  lamellar  grating 
by  an  dumimim  grating.  This  change  was  necessi¬ 
tated  by  a  rather  sudden  deterioration  of  the  optical 
figure  of  the  Pyrex  grating.  In  the  past,  objections 
have  been  raised  against  metal  lamellar  gratings 


because  of  waveguide  effects  between  the  facets. 
However,  investigations  of  the  waveguide  character¬ 
istics  of  the  Pyrex  grating  revealed  that  this  grating 
also  exhibits  a  waveguide  effect.3  Because  of  the 
greater  ease  in  fabrication  and  optical  refiguring, 
the  replacement  grating  was  made  from  aluminum. 
The  design  of  the  new  grating  is  shown  in  Figure  16-4. 
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Figure  16-4.  Des:  m  of  the  Aerospace  Aluminum  Lamellar 
Grating.  The  black  a.  can  are  the  optical  surfaces 


The  gratings  are  made  from  aluminum  sheet  stock, 
carefully  machined  and  bolted  together.  The  finished 
gratings  ’  e  cold-stabilized  prior  to  optical  lapping. 
Stability  tests  were  made  on  a  small  prototype  version 
for  a  45-da.  period.4  These  tests  indicated  adequate 
stability  of  ihe  optical  surfaces.  The  front  surfaces 
of  both  halves  of  the  grating  were  lapped  separately 
and  both  have  a  slight  cylindrical  concavity.  The 
mean  facet-to  facet  deviation  from  this  cylindrical 
shape  is  2  sec  of  arc,  with  the  largest  deviation  of 
8  sec  of  arc  occurring  at  the  outside  facets.  Since  both 
halves  are  so  nearly  identical,  the  slight  cylindrical 
sh«|>e  presents  no  problems.  The  finished  aluminum 
grating  mounted  in  the  instrument  is  shown  in 
Figure  10-5. 

One  other  modification  which  deserves  mention  is 
the  provision  for  the  external  adjustment  of  the 
diagonal  mirror  Mta  just  before  the  exit  aperture. 
This  allows  a  more  accurate  centoT.ig  of  the  zeroth 
order  of  the  grating  on  the  exit  aperture.  The  adjust¬ 
ment  is  made  by  flexible  cables  attached  to  the  three 
adjustment  screws  on  this  mirror.  These  cables  can 
be  turned  from  outside  the  vacuum  tank  by  rotary 
motion  feedthroughs  mounted  on  the  chamber  wall. 
Prior  to  the  installation  of  these  adjustments,  the 
centering  had  to  be  done  in  open  air  which  is  essen¬ 
tially  opaque  above  35  cm-1  due  to  water  vapor 
absorption.  Since  the  centering  becomes  more  critical 
as  t!ic  frequency  is  increased,  misalignment  for  high 


Figure  16-5.  The  Aerospace  Aluminum  Lamellar 
Grating  in  Place  in  the  Instrument 


frequencies  (250  cm'1)  could  occur  if  the  adjustments 
were  made  at  low  frequencies  (35  cm-1).  With  the 
installation  of  these  external  adjustments,  the  final 
alignment  can  be  done  after  the  instrument  is  evac¬ 
uated,  tints  eliminating  the  high  frequency  absorp¬ 
tion. 

16-3  FUTURE  MODIFICATIONS 

These  are  the  principal  modifications  which  have 
been  made  to  the  Aerospace  interferometer.  Two 
other  modifications  are  planned  for  the  near  future. 
The  first  of  these  is  the  replacement  of  the  t'zerny- 
Tunter  mirrors.  M , ,  and  M ,  ■>.  by  an  nlT-axis  parab¬ 
oloid.  This  will  allow  the  instrument  to  be  operated 
at  near-normal  incidence  rather  than  at  10 deg  off 
axis  as  is  presently  done  with  the  t’zerny-Turner 
system.  This  off-axis  operation  has  been  shown  to 
broaden  sharp,  high  frequency  lines.’  The  installa¬ 
tion  of  the  off-axis  paraboloid  diotihl  decrease  the 
instrumental  broadening  by  a  factor  of  10  or  more 
at  100  cm""'. 

The  second  modification  planned  is  the  installation 
of  a  laser  for  the  measurement  of  optical  path  differ¬ 
ences.  The  measurements  are  presently  made  bv  a 
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commercial  linear  inductosvu  system  which  has  an 
accuracy  of  ±1.5  jam.  Unfortunately,  the  system 
has  a  periodic  error  with  an  amplitude  of  ±1.5  jam 
and  a  period  of  2  mm.  As  in  the  ruling  of  diffraction 
gratings,  periodic  errors  lead  to  “ghosts”  in  the 
spectrum.  For  example,  a  periodic  error  such  as 
described  above  will  give  ghost  lines  at  ±5  cm-1 
from  a  line  at  50  cm'1  with  an  intensity  of  2  percent 
of  the  parent  50  cm-1  line.1'  Spectra  measured  on  the 
Aerospace  interferometer  have  signal-to-noise  ratios 
approaching  this  ratio  of  line-to-ghost  intensities. 
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4.  Dowling,  .1.  M„  Randall.  (’.  M.,  and  Mott, 
T.  F.  (1909)  Pi  at  nation  of  a  Lamellar  Grating  for  the 


Q.  I>  the  plane  of  incidence  and  reflection  at  your 
lamellar  grating  parallel  to  the  grooves,  or  not? 

A.  fR.  T.  Hall):  Ves,  the  plane  is  parallel  to  the 
grooves  of  the  lamellar  grating.  Since  we  are  using  a 


Ghosts  have  been  seen  on  a  few  spectra.  A  laser 
measuring  system  will  eliminate  these  ghosts.  Un¬ 
fortunately,  it  appears  that  the  "porch  swing”  fashion 
by  which  the  moving  grating  is  suspended  has  a  great 
deal  of  vibration.  This  may  necessitate  a  redesign 
of  the  drive  and  suspension  system  to  allow  a  laser 
to  be  used. 

These  then  arc  the  main  modifications  of  the 
Aerospace  lamellar  grating  interferometer  in  a  con¬ 
tinuing  series  of  modifications  to  improve  its  per¬ 
formance. 
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Abstract 


Developments  of  the  instrumentation  available  for  use  with  a  far  infrared 
Miehelson  interferometer  are  discussed.  Among  these  are  a  douh|e-l>oam  unit,  a 
Multipass  g:is  cell,  and  a  unit  for  obtaining  reflection,  transmission,  and  background 
interferugmms  without  disturbing  such  instrumental  conditions  as  vacuum  and 
sample  position 


17-1  INTRODUCTION 

Fourier  spcetrtisctipy  has  dcve|oj>rd  over  the  la*t 
decade  into  a  very  powerful  and  wr||-u*ed  technique. 
Many  of  the  early  disadvantage',  have  been  elimitiateil 
or  greatly  reduced.  sttrh  as  the  time  delay  and  exprn*c 
involved  in  the  computation  of  the  spectrum.  The 
available  instrumental  technique*  for  sample  handling 
at  high  or  low  temperature*  have  similarly  been 
improved. 

In  general,  for  ahsorptin.i  studies  the  inter¬ 
ferometer!*  mn  first  on  the  baekgfoiind  tmn*mis*ion 
of  the  instrument  and  then  on  the  background  trans¬ 
mission  of  the  instrument  and  sample  of  interest. 
Hii’  transmission  sjieetmni  of  the  material  I*  then 
obtained  as  the  ralto  of  the  transforms  of  the  two 
interferogmm* 

One  ui  the  new  pieces  of  instrumentation  to  be 
discussed  in  this  chapter  doe-  away  with  the  necessity 
of  running  two  independent  interferogmm*  sequen¬ 
tially  in  time.  T!-.*  is  the  double-beam  uni*.  A  -cornd 
piece  of  instrumentation  i*  a  tum-olc  r.mlt t|».» —  g:i' 


cell  with  up  ti>  hi  m  of  path  available  in  the  rt  !1 
The  third  item  i'  a  tnodoie  fur  obtaining  bal,  tmn— 
mis*ion  and  reflection  *|«erira  of  a  «am;*!e  of  interest 
a*  \v<4|  as  the  background  ititcrferugr.un.  without 
having  to  rclca-c  the  vacuum  in  the  tn*trt||oi'li< 

17-2  THE  REAL-TIME  DOUBLE- BEAM  SYSTEM 

A  real -tune  double -licatn  interferometer  i*  a  Vcri 
roiivenn  nt  nv  trumen*  Among  it-  adx.sntage*  o\<-r  a 
similar  -ingle-lieaiii  system  it  allow-  the  background 
and  simple  tuterfrrogram*  So  lie  ««hiaiti<-d  -nnni- 
taneoti-ly  and  under  idcnstral  instrumental  ou-aimon* 
siirli  a*  tuo«e  «>f  v.ieuim  and  «|el«-rt>w  *cn*ttivitx 
IV  two  intrrfrrograms  ibat  ar<  obtained  are  *.imi>lol 
a*  identiral  jio-ilioi,*  of  opin' .1  pal),  differ  cnee  whieh 
produce*  a  very  eonvenn-ni  n«  ;!n«i  of  obi  lining  tin' 
complex  refractive  index  oi  the  —>mp)<  in  ■»).-  run  •>* 
tin*  interferometer 

It  i«  well  known  tbai  a  doiibie-U-.tm  system  give> 
more  reproducible  *j»a-ira  -  n«v  mc-e  introduced  In 
rhanges  m  «*  uree  brightness  and  detector 


and  i»y  otlr-r  instrumental  effects  affect  both  inter- 
ferograms  in  exactly  the  same  way.  Provided  the 
output  interferograms  have  comparable  dynamic 
ranges,  the  ratio  of  the  two  transforms  will  remove  the 
effects  produced  by  such  fluctuations. 

A  double-beam  system1,2  developed  at  our 
Laboratories  gives  results  that  bear  this  out.  The 
system  uses  a  sum-and-differencc  technique  whereby 
both  beams  are  chopped  at  the  same  frequency  but 
such  that  energy  is  received  from  each  beam  al¬ 
ternately,  with  complete  obscuration  between  con¬ 
secutive  exposures.  The  resulting  'etector  output 
waveform  has  one  component  at  the  chopping  fre¬ 
quency  proportional  to  the  difference  of  the  amplitude 
of  the  two  input  signals,  and  another  component  at 
twice  the  chopping  frequency  proportional  to  the  sum 
of  the  amplitudes  of  the  two  signals.  The  sample 
and  background  interferograms  can  be  separated 
from  these  two  waveforms.  Figure  17-1  (polypropylene 
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Figure  17-1.  Comparison  of  Fight  Rntioed  Transforms  for 
Polypropylene  Sample  in  1)11.1  and  Their  Backgrounds 


sample)  and  Figure  17-2  (TPX  sample)  show  the 
background  transform  and  ratio  of  the  sample  and 
background  transform  for  eight  consecutive  runs  of 
the  system.  The  improved  reproducibility  in  the 
region  of  good  signal  levels  is  immediately  obvious 
from  a  comparison  of  plots  A  and  B  in  both  cases. 

The  double-beam  system  suffers  from  a  cross-talk 
problem,  that  is,  when  one  channel  is  closed  and  the 
other  open,  energy  from  the  open  channel  is  observed 
in  the  output  signal  representing  the  closed  channel, 
as  shown  in  Figure  17-.1  The  measured  cross-talk  is 
found  to  be  dependent  on  the  amplitude  of  the  second 


Figure  17-2.  Comparison  of  Eight  Ratioed  Transforms  lor 
TPX  Sample  in  DB2  and  Their  Backgrounds 


Figure  17-3.  Cross-Talk  Test  (DB2) 


harmonic  component  obtained  in  the  detector  output 
when  the  radiation  is  coded  with  the  normal  square- 
wave  type  of  chopping.  Hence,  the  summing  and 
differencing  of  the  amplitude  of  the  fundamental  and 
second  harmonic  of  the  chopping  frequency  introduces 
false  energy  into  both  channels,  with  a  resulting  error 
in  the  measured  spectrum.  Only  by  careful  selection  of 
the  detectors  can  the  cross-talk  be  reduced  to  below 
1  percent,  which  is  considered  adequate  for  normal 
working.  A  second  double-beam  system  that  has 
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since  been  developed  should  not  present  the  cross¬ 
talk  problem  since  it  does  not  depend  on  a  sum-and- 
difference  technique  to  produce  the  two  electrical 
outputs.  Results  will  be  published  later. 

With  either  double-beam  system,  it  is  possible  to 
measure  the  complex  refractive  index  of  a  parallel¬ 
sided  sample3  placed  in  one  of  the  two  beams  of  the 
interferometer.  The  following  notation  is  used. 

F(v)  =  energy  function  incident  n  sample  as  a 
function  of  wavenumber 

T(v)  transmitted  energy  function  as  a  function  of 
wavenumber 

fi(v)  refractive  index  of  sample  as  a  function  of 
wavenumber 

t  thickness  of  parallel-sided  sample  (in  centi¬ 
meters) 

Ax  sampling  interval  (in  centimeters) 

E  effective  extra  optical  path  length  due 
to  a  parallel-sided  sample  of  thickness 
t**2t[n(v)  —  1]  for  all  wavenumbers 

For  the  background  the  interferogram  obtained  as 
a  function  of  the  sample  point  n  is: 


f(n  Ax)  =  flF(y)  cos  (2irvn  Ax+2irqv  Ax)  dv,  (17-1) 
0 


where  |g]  <0.5  and  represents  the  error  in  the  sampling 
of  the  background  zero  path  difference  position  n  =  0. 

With  the  sample  introduced  into  the  Michelson 
interferometer,  the  interferogram  obtained  as  a  func¬ 
tion  of  the  sample  point  n  is: 


/,(n  Ax)=ri  F(v)T(v) 

J“o 

cos  {2irvn  Ax+2irq'v  Ax+2t[n{v)  —  l\}  dv, 

(17-2) 


Since  both  interferograms  are  obtained  from  the 
same  interferometer  at  the  same  position  of  optical 
path  difference  and  at  the  same  instant  of  time,  the 
two  phase  functions  inside  the  cosine  terms  in  Eqs. 
(17-1)  and  (17-2)  are  related  and  can  be  compared. 
The  phase  existing  in  the  background  interferogram 
at  the  position  taken  as  the  zero  path  difference 
sample  point  ?? i  is: 


bkgd  phase  =  2irv(n  x  Ax+q  Ax) ;  (17-3) 


the  phase  existing  in  the  sample  interferogram  at  the 
position  taken  as  the  zero  path  difference  sample 
point  7!2  is: 


sample  phase  =  2tri'fn2  Ax+2t\jt(v)  —  1]+ g'  Ax). 

(17-4) 


The  phase  difference  as  a  function  of  frequency  and 
zero  path  difference  sample  point  numbers  is : 


e=2irv(n2— Jit)  Ax+2irv-  2i[/t(v)—  lJ-^irKg'  — q)  Ax. 

(17-5) 


The  computation  of  this  experiment  is  done  in  two 
steps. 

1.  The  computer  recognizes  each  of  the  two 
positions. ji2  and  ?it  as  the  maximum  element  in  its 
particular  interferogram;  it  then  finds  the  average 
value  of  the  refractive  index,  given  by: 


where 


avg  R.I.  =~n8'2J~'1''  Ax.  (17-G) 


[mW-U- 


4  irvt 
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|g'|<0.5  and  represents  the  error  in  the  sampling  of 
the  zero  path  difference  region,  and  e  is  phase  dif- 
fere  'le. 


2.  During  the  phase  correction  of  both  interfero¬ 
grams  the  two  phase  functions  are  calculated,  each 
based  about  its  own  zero  path  difference  position. 
Each  phase  function  has  a  component  that  represents 
the  mis-sampling  of  the  zero  path  differences  position 
plus  any  phase  changes  with  frequency  due  to  mis¬ 
alignment  of  the  interferometer.  Since  only  the  sample 
phase  function  contains  information  about  the 
refractive  index  of  the  sample,  subtraction  of  the  two 
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Figure  17-4.  Asymmetric  lnterferogram  of  Teflon  and  the 
Corresponding  Symmetric  Interferogriun  of  the  Background 


phase  functions  removes  two  causes  of  error  from  the 
refractive  index  measurements.  Accurate  location  to 
a  fraction  of  a  sampling  interval,  of  either  or  both  of 
the  zero  path  difference  positions,  therefore  becomes 
unnecessary. 

The  real  part  of  the  complex  refractive  index  is 
obtained  from  the  ratio  of  the  Fourier  transforms  of 
the  phase-corrected  sample  and  background  inter- 
ferograms;  the  imaginary  part  is  obtained  from  the 
difference  of  the  two  phase  functions  and  from  other 
relevant  factors  described  in  the  equations. 

Figure  17-4  shows  the  symmetric  background  and 
asymmetric  sample  interferograms.  Figure  17-5  shows 
the  results  after  jeomputation  of  eight  such  scans  of 
the  interferometers,  with  a  147-pm-thick  sample  of 
Teflon  placed  in  the  interferometer.  In  the  transform 
of  the  sample  and  background  interferograms  the 
spread  is  seen  to  be  about  10  percent;  in  the  ratio  of 
the  two  transforms,  in  the  regions  of  good  signal 
levels,  the  spread  is  about  2  percent.  The  changes  in 
refractive  index  are  seen  to  be  associated  with  the 
absorption  lines  of  Teflon,  and  the  results  agree  with 
previous  classical  refractive  index  measurements. 


Figure  l7-.r>.  Fight  Asymmetric  Sample'  Interferograms 

(147-gm-thiek  Teflon)  and  Their  Fight  Symmetric  Background  Figure  17-0.  Optical  Layout  of  Tunable  Multipass  Gas  Cell 

Interferograms,  Shown  With  Digital  Computation  and  Sample  for  One  Traverse  of  the  System,  Giving  1  m  Transmission  in  the 

Itefractive  Index  (las 


17-3  MULTIPASS  GAS  CELL 

The  multipass  gas  cell  available  as  a  modular 
extension  to  the  existing  Fourier  spectrometer  is  of  a 
type  developed  by  White,4  with  an  optical  layout  as 
shown  in  Figure  17-6.  The  optical  components 
consist  of  three  spherical  mirrors,  all  having  the  same 


Center  of  Center  of 

curvoture  of  curvoture  of 

mirror  K  mirror  I 

I  COMPLETE  PASS  *  I  IMAGE  ON  J 


radius  of  curvature,  and  spaced  apart  by  distances 
equal  to  this  radius.  The  system  can  be  tuned  from 
1  m  to  more  than  10  m  of  transmission  in  the  gas  and 
the  number  of  passes  is  determined  by  the  relative 
positions  of  the  centers  of  curvature  of  the  mirrors  K 
and  I  on  the  mirror  J,  as  shown  in  Figure  17-7.  The 
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3  COMPLETE  PASSES  =  5  IMAGES  ON  J 


Center  of  Center  of  Center  of  Center  of 

curvature  of  curvoture  of  curvoture  of  curvoture  of 

mirror  K  mirror  I  mirror  K  mirror  I 

A  COMPLETE  WVSSES  =  7  IMAGES  ON  J  10  COMPLETE  PASSES:  19  IMAGES  ON  J 


Figure  17-7. 
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Mirror  J,  of  Multipass  Gas  Cell,  and  Number  and  Position  of  the  Images  for  1,  3,  4,  and  10  Passes  Through  the 
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coll  is  designed  to  be  used  sit  pressures  up  to  2  atm  arid 
sis  high  a  vacuum  sis  is  available. 

A  maximum  in  the  transmitted  energy  is  obtained 
(see  Figure  17-7)  when  A/{A—B)  =  N,  an  integer 
representing  the  number  of  passes  of  the  cell.  The 
limit  of  the  number  of  passes  occurs  when  2 {A  —B)  =S, 
the  diameter  of  the  individual  images  on  the  mirror 
J,  or, 


AT,i»it-2  A/S. 


F'igure  17-8  shows  the  number  of  passes  obtained 
as  the  mirror  K  is  adjusted,  using  an  image  diameter 
of  1  cm  on  the  mirror  J. 

Figure  17-9  shows  the  results  of  a  similar  test  with 
an  image  diameter  of  3  mm  on  the  mirror  J. 


Figure  17-10  shows  a  digitally  computed  high- 
resolution  spectrum  of  water  vn|H>r  obtained  by  using 
the  gas  cell  and  a  standard  Michclson  interferometer 
whose  drive  is  capable  of  a  maximum  of  IS  cm  of 
optical  path  difference.  This  spectrum  shows  the 
splitting  of  the  (Mi  cm ~ 1  and  99  cm-1  doublets  to 
better  than  0.1  cm-1.  Results  were  obtained  by 
means  of  a  point-by-point  Fourier  transform  pro¬ 
cedure. 

Figure  17-11  shows  an  FTC-300  analog  computer 
spectrum  of  OF3Br  at  approximately  4-  atm  and  9 
passes  in  the  cell.  This  gas  is  very  volatile  and  was 
distilled  five  times  to  remove  the  water  present  in  the 
gas  as  obtained  from  the  manufacturer. 

l'igure  17-12  shows  three  FTC-300  comparison 
spectra  of  CbF’b,  for  2,  0,  and  9  passes  in  the  cell,  and 
demonstrates  the  advantages  in  sensitivity  to  be 
obtained  by  the  extended  transmission  available  in 
the  gas  cell. 


MtQUaNCV  ') 


Figure  17-11.  An  FTC-300  Ratioed  Spectrum  of  CFjRr 
Obtained  bv  Using !)  m  of  Transmission  in  the  Multipass  Gus 
Cell 


Figure  17-12.  Three  FTC  1100  Spectral 
2,  U,  and  !l  Passes  in  the  Multipass  Gas  Cell 


Plots  of  C«F’«,  for 


17-4  RANGE  EXTENSION  OF  THE  FS-720  FAR  IN- 
FRARED  MICHELSON  INTERFEROMETER  TO 
HIGHER  FREQUENCIES 

Their  large  energy  throughput  and  high-resolution 
capability  has  aroused  considerable  interest  in  the 
feasibility  of  extending  the  range  of  far  infrared 
Michelson  interferometers  to  higher  frequencies. 
Advantages  to  be  gained  are  the  possibility  of  over¬ 
lapping  the  range  covered  by  relatively  inexpensive 
dispersive  instruments  and  refractive  index  measure¬ 
ments  with  the  interferometer  used  in  the  asymmetric 
mode.  A  further  convenience  is  the  modular  con¬ 
struction  of  these  instruments. 

The  wavelength  range  covered  by  the  FS-720 
Michelson  interferometer  is  to  a  large  extent  deter¬ 
mined  by  the  spacing  of  the  moire  grating  it  uses  for 
sensing  the  displacement  of  the  moving  mirror.  The 
grating  has  a  4-^tm  period,  and  the  interferogram  is 
normally  sampled  once  for  every  moire  fringe,  that  is, 
at  every  S-pm  increment  of  optical  path  difference. 
Hence,  according  to  the  sampling  theorem,  for 
unambiguous  transformation  of  the  interferogram  the 
spectral  bandwidth  of  the  instrument  must  be  less 
than  625  cm-1,  and  since  the  instrument  uses  only 
lowpass  filters,  the  highest  frequency  that  can  be 
covered  is  theoretically  625  cm-1. 

The  normal  range  of  the  interferometer  is  from  10 
to  500  cm-1.  The  instrument  background  for  use  at 
the  higher  frequencies  is  provided  by  interference 
within  a  6-/im-thick  Mylar  beam  splitter;  all  radiation 
of  frequencies  higher  than  approximately  500  cm-1  is 
removed  by  the  black  polyethylene  field  lens.  It  is 
possible  to  extend  the  frequency  range  to  slightly 
higher  values  by  using  thinner  beam  splitters,  and 
the  one  most  commonly  used  is  of  3.5-pm-thick  Mylar. 
Unfortunately,  since  Mylar  shows  absorptions  near 
3X0,  440,  and  510  cm"1,  the  spectral  background  that 
it  provides  is  rather  unsatisfactory  in  this  region.  A 
better  spectral  background,  which  shows  no  absorp¬ 
tion  at  these  frequencies,  is  obtained  by  using  poly¬ 
propylene  beam  splitters. 


Figure  17-13.  Single-beam  Spectrum  of  an  Antimony 
Complex  (I’ll  jSIiCIjO,  in  Polyethylene  on  a  Spertrn!  Hnrk- 
gromul  OptimUeil  for  the  Higli-Froquencv  Kml  of  the  Instru¬ 
ment  Range  (SI.  Sjjiii;  optical  filter,  Klfr) 


Figure  17-13  shows  a  single-beam  spectrum  of  a 
polyethylene  disk  containing  an  rntimony  complex 
against  a  spectral  background  optimized  for  the  high- 
frequency  end  of  the  instrument  range.  The  spectrum 
was  obtained  with  a  polypropylene  beam  splitter  10 
>im  thick  and  a  KBr  filter  to  remove  long-wavelength 
radiation.  Figure  17-14  shows  the  ratioed  trans- 
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Figure  17-14.  Ratioed  Transmission  Spectrum  of  a  Poly¬ 
ethylene  Disk  Containing  the  Same  Antimony  Complex  as  in 
Figure  17-13. 


mission  spectrum  of  the  same  disk  as  in  Figure  17-13; 
the  high-frequency  limit  of  this  spectrum  is  about  the 
practical  limit  for  8-/xm  sampling  when  black  poly¬ 
ethylene  is  used  as  a  filter.  In  both  Figures  17-13  and 
17-14  the  spectrum  was  plotted  with  the  FTC-300 
computer  on  the  Xli  range,  which  displays  fre¬ 
quencies  up  to  96  percent  of  the  alias  values. 

To  investigate  the  feasibility  of  extending  the 
instrument  range  further,  it  was  necessary  to  reduce 
the  sampling  interval.  This  was  achieved  by  modify¬ 
ing  the  moire  amplifier  electronics  so  that  the  inter¬ 
ferogram  was  sampled  twice  per  moire  fringe,  that  is, 
at  4-^m  intervals  of  optical  path  difference.  The 
accuracy  of  sampling  was  comparable  to  that  of  the 
standard  moire  system,  with  the  alias  frequency 
increased  to  1250  cm-1. 

The  interferometer  lends  itself  readily  to  range 
extension  since  the  optics  are  all  reflecting  and  beam 
splitters  arc  readily  interchangeable.  The  beam 
splitters  we  tried  were  of  three  different  materials, 
down  to  the  following  thicknesses:  Mylar,  2.5 Mm; 
polypropylene,  5 Mm;  and  polyethylene,  12 Mm.  All 
these  materials  were  strong  enough  to  be  used  inter¬ 
changeably,  although  thin  polyethylene  films  tended 
to  stretch  slightly  with  use  and  could  not  be  inter¬ 
changed  more  than  about  six  times. 

The  tilt  adjustments  that  were  provided  for  the 
fixed  mirrors  were  found  to  be  fine  enough  for  satis¬ 
factory  optical  alignment  at  the  higher  frequencies. 
The  black  polyethylene  field  lens  was  removed  and  an 
S-Mm  or  12-Mm  lowpass  filter  was  inserted  near  the 


sample  position.  Although  the  optics  were  thus  not 
optimized,  there  was  so  much  radiation  from  the 
source  at  higher  frequencies  that  it  was  necessary  to 
provide  for  additionai  attenuation  (in  the  range  10  to 
20  percent  transmission)  in  order  to  avoid  overloading 
the  detector,  even  when  the  instrument  was  operated 
at  the  smallest  (3  mm)  source  aperture. 

The  smaller  radiative  throughput  of  beam  splitters 
jf  polyethylene  and  polypropylene,  which  have  lower 


refractive  indices  than  Mylar,  is  thus  unimj>ortnnt. 
It  was  possible  to  obtain  satisfactory  interferogram 
modulation  depths  for  all  beam  splitters,  and  all  films 
other  than  polyethylene.  One  specimen  of  poly¬ 
propylene  was  sufficiently  uniform  to  give  good 
visible  fringes.  An  effect  rej>orted  bv  other  workers,5 
that  the  interferogram  fringe  contrast  was  improved 
by  removing  the  low-frequency  content  of  the  spectral 
background  with  alkali  halide  transmission  filters,  was 
also  observed  by  us. 

The  results  of  measurements  with  various  beam 


splitter  and  filter  combinations  are  shown  in  Figures 
17-15  through  17-18. 

Interferograms  for  spectra  at  frequencies  less  than 
500  cm-1  are  normally  scanned  at  5  jum/sec  with  an 
electronic  time  constant  of  0.5  sec,  and  it  was  neces¬ 
sary  to  lower  the  drive  speed  by  a  factor  of  2  when 
operating  at  these  high  frequencies.  The  running 
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time  of  interferograms  for  spectral  resolutions  of  "» to 
6  cm-1,  the  highest  that  could  be  achieved  with  the 
limited  storage  capacity  of  the  analog  computer,  was 
20  min,  this  time  being  dictated  by  the  resjxmse  time 
of  the  Golay  detector. 

The  results  show  that  polypropylene  is  a  satis¬ 
factory  beam  splitter  for  frequencies  up  to  S00  cm-1 
and  virtually  free  from  absorption  features.  This 
result  is  at  variance  with  those  of  other  workers  who 
apparently  find  that  absorption  in  the  filters  or  lens 
materials  is  ascribable  to  the  beam  splitter.  Mylar  is 
less  satisfactory  for  this  range  since  besides  absorption 
at  the  lower  frequencies  there  is  intense  absorption 
near  726  cm-1.  Of  the  materials  studied,  poly¬ 
ethylene  is  the  only  one  suitable  for  use  in  the  region 
S00  to  1200  cm-1  (Figure  17-19),  although  the  thick¬ 
ness  of  film  used — which  is  about  the  thinnest  that 
can  be  tolerated  in  practical  use — is  such  that  this 
region  cannot  be  covered  by  a  single  beam  splitter 
“hoop”  (see  Figure  17-20).  Possibly  because  tk> 
polyethylene  beam  splitter  was  not  uniform,  the  spec¬ 
tral  intensity  at  the  beam  splitter  minima  was  not 
zero,  and  so  it  was  possible  to  ratio  spectra  with 
reasonable  success  in  the  region  of  these  minima. 

The  results  suggest  that  with  only  minor  modifica¬ 
tions  the  wavelength  limit  of  the  interferometer  can 
be  extended  to  at  least  <X00cm-1,  and  indicate  the 
splitter/filter  combination  necessary  to  optimize 
performance  in  this  region. 


This  module  is  designed  to  fit  onto  the  existing 
FS-720  interferometer  such  that  the  instrumental 
background,  reflection,  and  transmission  of  the 
sample  are  av  liable  without  having  to  disturb  cither 
the  sample  once  it  has  been  positioned,  or  the  instru¬ 
ment  once  it  has  been  evacuated  and  allowed  in  reach 
equilibrium. 

The  optica]  layout  in  Figure  17-20  shows  that 
mirror  F  can  take  two  positions.  In  position  (1)  it 
reflects  the  transmitted  radiation  onto  the  detector, 
in  position  (2)  it  reflects  the  radiation  reflected  from 
the  sample  onto  the  detector.  When  mirror  G  is 
raised  into  the  converging  radiation  from  mirror  ”, 
the  radiation  is  reflected  onto  a  horizontal  mirror  //, 
and  then  back  onto  G  and  H  and  hence  to  the  detector. 
This  allows  the  background  trn  mission  of  the 
instrument  to  be  measured  under  instrumental  condi¬ 
tions  as  closely  related  to  those  for  ie  reflection  and 
transmission  as  are  available  without  the  use  of  a 
double-beam  system. 

Figure  17-21  illustrates  the  results  obtained  with  a 
.sample  of  Teflon,  showing  the  refaction  interferogram 
and  the  corresponding  transmission  and  reflection 
transforms.  It  can  be  seen  that  the  channel  spectra 
from  the  transmitted  to  the  reflected  spectra  are  ISO* 
out  of  phase,  and  that  the  interval  from  one  maximum 
to  the  next  changes  with  frequency.  This  is  most 
noticeable  in  the  reflection  spectrum  (curve  H).  With 
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Figure  17-19.  Comparison  of  Four  Spectral  Backgrounds  Obtained  With  3.5-*im  and  2  Mylar,  5-om  Polypropylene,  and 
12.6-»»n\  Polyethylene  Using  h-jim  Lowpaas  Filter  (The  transmiision  protile  of  the  12.5-rm  polyethylene  l«mm  splitter  is  seen  to 
be  the  most  suitable  for  high  frequency  use.) 


Future  17-21.  (loot  Hcftection  Intcrfcrogram  of  Teflon 
Figure  lJ-».  Optical  Arrangement  of  Background,  Ur-  (Maximum  Opto-*!  Path  IhScrrooc—O  2  <r.i'.  and  (hoKoc-l 
fcvtjoo,  and  Trawsmumop  Unit  Correspond1  ,*  lltsmnl  HrtVnrlion  and  Transnumon  Spectra 
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Figure  17-23.  (top)  Reflection  Interferogrnm  of  a  Cobalt 
Complex,  E  x  C  Axis  (Maximum  Optical  Path  Difference  =  0.2 
cm),  and  (bottom)  Corresponding  Ratioed  Spectrum 
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figure  17-22.  (top)  Background  and  Reflection  Inter- 
ferograms  of  a  Chromium  Complex  (Muximum  Optical  Path 
Difference  *» 0.1  cm),  and  (bottom)  Corresponding  Ratioed 
Reflection  Spectrum 


17-6  CONCLUSIONS 

The  instrumentation  and  applications  information 
contained  in  this  paper  are  useful  to  chemical  and 
physical  spectroscopists  using  the  Fourier  method. 
Both  the  sample-handling  and  data-handling  tech¬ 
niques  are  rapidly  being  improved,  and  the  more 
these  techniques  become  common  practice  in  chemis¬ 
try  and  physics  laboratories  of  universities  and 
industries,  the  more  readily  will  fundamental  problems 
be  solved. 
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Abstract 


A  cone  channel  condenser  is  placed  in  the  sample  compartment  of  a  RIIC 
FS-720  far  infrared  Michelson  interferometer  at  the  location  of  the  source  image. 
The  concentrated  radiation  is  then  passed  through  the  cooled  sample  and  con¬ 
densed  onto  the  detector  by  a  field  lens  and  another  cone  channel  condenser. 


18-1  INTRODUCTION 

When  absorption  spectra  are  to  be  obtained  on 
small  quantities  of  material,  the  use  of  radiation  beam 
condensers  has  become  standard  practice  among 
spectroseopists.  Microscope  optics  are  generally  em¬ 
ployed,  usually  consisting  of  complex  mirror  systems, 
to  bring  the  radiation  to  an  accessible  position  for 
sample  alignment.  The  optical  path  through  the 
sample  is  often  also  small,  making  it  difficult  to 
recognize  weak  absorption  hands.  Since  weak  absorp¬ 
tion  bands  are  the  rule  for  most  materials  in  the  far 
infrared  (the  spectral  region  of  primary  interest  to  us) 
and  the  use  of  precise  optical  parts  with  samples  at 
very  low  temperatures  (the  primary  reason  for  under¬ 
taking  this  work)  seemed  unwarranted  because  of 
difficult  alignment  problems,  the  much  simpler  ap¬ 
proach  of  conical  radiation  channel  condensers  was 
chosen. 

Sueli  cones  have  the  advantages  of  easy  introduc¬ 
tion  into  and  removal  from  the  sample  compartment 
of  the  interferometer  available  for  this  study  (RIIC 


Model  720),  and  hence  do  not  interfere  with  routine 
uses  of  the  instrument.  The  angular  spread  of  their 
exit  beam  makes  it  possible  to  obtain  effectively 
longer  optical  paths  with  straight  cells  than  collimated 
beams  would  allow.  The  circumstance  that  conical 
channel  condensers  are  not  imaging  devices  is  no 
serious  detriment,  as  the  interferometer  already  in¬ 
cludes  such  a  cone  channel  ahead  of  the  Golay  de¬ 
tector.  A  simple  plastic  lens  between  the  two  channels, 
located  at  the  exit  from  the  sample  compartment, 
ensures  adequate  transmission  of  the  radiation  to  the 
detector. 


1 8-2  GUIDELINES  USED  IN  APPARATUS  DESIGN 

Figure  18-1  shows  the  optical  layout  of  the  RIIC 
Model  720  Far  Infrared  Interferometer.1  Important 
features  are  the  focal  position  within  the  sample  com¬ 
partment  and  the  detector  section  consisting  of  a  cone 
radiation  channel  condenser  closed  at  its  ends  by  a 
Golay  cel!  and  a  black  polyethylene  lens,  respectively. 


Preceding  page  blank 
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PARABOLOID  MIRROR 


Figure  18-1.  Ray  Diagram  for  the  RIIC  Michelson  Inter¬ 
ferometer  FS-7201 


The  lens  serves  several  purposes.  With  its  focal  length 
properly  chosen,  it  changes  the  divergence  of  all  or 
most  of  the  radiation  impinging  on  it  to  fall  within  the 
range  acceptable  by  the  cone  channel  condenser.  It 
is  a  limiting  aperture,  and  it  is  a  filter  for  visible  and 
near  infrared  radiation.  Also,  the  size  of  the  source 
can  be  altered,  providing  for  different  image  sizes  and 
convergence  of  radiation  within  the  sample  compart¬ 
ment.  Access  to  the  co,  apartment  is  provided  by  a 
removable  lid. 

Since  our  work  required  the  determination  of  small 
changes  in  absorptivity  with  temperature,  and  the 
absorptivity  was  usually  low,  the  largest  source  size 
was  almost  invariably  required  to  get  sufficient  signal. 
Fortunately,  the  absorption  bands  of  the  liquids 
studied  were  generally  broad  and  structureless  so  that 
the  concomitant  reduction  of  spectral  resolution  and 
wavenumber  accuracy  was  not  important.  Hence, 
our  designs  and  construction  dealt  exclusively  with 
optimum  signal  conditions.  The  availability  of  large 
signals  led  us  to  choose  the  interferometer  over  a 
grating  instrument  in  the  first  place.  At  maximum 
source  size,  the  convergence  or  divergence  of  the  ex¬ 
treme  rays  from  the  edge  of  the  image  in  the  sample 
compartment  constituted  a  basic  parameter  for  the 
design  of  our  sample  beam  condensers. 

For  cooling  samples  to  low  temperatures  and  stabil¬ 
izing  them  there,  the  sample  cells  had  to  be  made 
attachable  to  the  cold  finger  of  a  liquid  nitrogen 
Dewar,  with  the  connecting  piece  between  cell  and 
Dewar  electrically  heatable.  Minimum  size  of  sample 
cells  was  called  for  to  achieve  temperature  uniformity. 
Preferably,  there  should  be  no  direct  physical  contact 
but  very  close  proximity  between  the  cell  and  the  cone 
channel  vuimenser  in  order  to  transfer  maximum 
amounts  of  radiation  through  the  sample  cell.  Even 
with  small  cell  volumes,  temperature  stability  was 
difficult  to  maintain  without  elaborate  temperature 
control  devices  so  that  relatively  rapid  scanning  was 
important.  Here,  too,  the  interferometer  proved  in¬ 
valuable  because  of  its  ability  to  survey  a  large  wave¬ 
length  region  quickly. 


The  choice  of  a  beam  condenser  system  consisting 
of  a  cone  channel  condenser  over  one  consisting  of 
mirrors  was  made  primarily  on  the  basis  of  conve¬ 
nience,  simplicity,  and  the  absence  of  the  need  for  an 
imaging  device.  A  reduction  of  4 : 1  in  cross-sectional 
area  of  the  radiation  flux  through  the  sample  without 
loss  of  signal  was  entirely  satisfactory. 

18-3  OPTICAL  CONSIDERATIONS 

As  was  shown  by  Williamson2  and  Greenler3,  a 
cone  channel  condenser  (CCC,  in  the  form  of  a  frustum 
of  a  cone),  will  only  transmit  radiation  incident  on  its 
walls  when  the  angle  of  divergence  of  the  limiting  ray 
with  the  cone  axis  is  below  a  certain  maximum  value. 
This  value  depends  essentially  only  on  the  ratio  of 
the  radii  of  the  CCC  and  not  on  its  length  (assuming 
reflectivity  is  perfect,  a  condition  generally  true  for 
metals  in  the  far  infrared).  A  converging  lens  at  the 
entrance  to  the  CCC  can  be  helpful  in  bringing  radia¬ 
tion  within  the  required  range.  With  a  second  CCC 
pointing  in  the  same  direction  and  placed  in  front  of 
the  lens,  it  is  possible  to  pass  just  as  much  or  even 
more  radiation  (if  the  first  CCC  constituted  a  limiting 
aperture)  through  the  whole  system,  provided  the 
location  of  the  latter  with  respect  to  the  focus  of  the 
lens  and  the  general  geometry  are  correct.  The  new 
CCC  (CCC2)  can  be  made  to  constitute  an  effective 
beam  condenser  for  radiation  detected  at  the  small 
end  of  CCCl.  Samples  would  be  placed  at  or  near 
the  small  end  of  CCC2.  Another  conical  channel 
(CCC3)  placed  backwards  immediately  after  CCC2 
(assumed  to  collect  the  radiation  first)  can  be  helpful 
to  reduce  the  divergence  of  the  radiation  impinging 
on  the  lens  and  on  CCCl.  However,  it  would  have 
made  reproducible  sample  location  more  difficult  and 
was  not  needed. 

F  igure  18-2  shows  how  the  trace  of  a  limiting  ray 
through  CCC2,  the  beam  condenser  cone,  can  be  used 
to  determine  its  dimensions. 


ccc  2 


Figure  18-2,  Ray  Diagram  for  the  Radiation  Beam  Con¬ 
denser  Used  With  Small  Samples.  Samples  arc  placed  adjacent 
to  the  small  opening  of  CCCz 
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Let  jr  he  the  half  angle,  r  and  s  the  large  and  small 
radii,  and  d  the  length  of  C’C'C '2.  Let  u  and  v  be  the 
angles  of  the  extreme  rays  with  the  opt ic  axis.  Then 
clearly 


(I  =  (c — .s)  cot  w  (1S-1) 

e+s  =  d  tan  v.  (18-2) 


Furthermore,  from  the  law  of  optical  reflection 


v  =  M+'iie.  (1S-3) 


From  these  relations  the  expression 


s/c=  (cot  w  tan  (u+2u>)  -  l)/(cot  w  tan  (u+2te)  +  l) 

(1S-4) 


can  be  derived  for  the  effective  convergence  achieved 
by  CC02.  It  has  been  assumed,  of  course,  that  only 
one  reflection  occurs  within  CCC2.  The  analysis  is 
easily  extended  to  multiple  reflections. 

Figure  1S-3  continues  the  analysis.  The  ray  now 


CCC 2  CCC  I 


Figure  IS-:!.  Hay  Diagram  for  the  Sample  Chamber  and 
Detector,  Showing  the  (’iianges  Produced  by  the  liadiation 
Channel  Condenser  CCC- 


shown  its  emerging  from  point  A  with  single  r  from  the 
optic  axis  is  the  saint*  eritieal  ray  that  left  CCC2  (for 
eon ven ienee,  it  hits  been  reflected  it!  a  plane  per- 
pcndictilar  to  the  paper  and  inelttding  the  optic  axis). 
It  is  assumed  that  A  is  to  the  right  of  F,  the  locus  of 


lens  L,  so  that  the  ray  is  still  divergent  from  the  optic 
tixis  (at  angle  e')  after  refraction  by  the  lens  L. 

Using  the  nomenclature  of  Drude4  for  thin  lenses, 
it  follows  that 


(tan  v')f (tan  v)  =  e/e',  (1S-5) 


where  e  is  the  distance  of  an  object  A  from  the  unit 
plane  H  (essentially  the  plane  of  the  lens  in  our  case), 
and  e'  is  the  distance  of  its  image  from  the  unit  plane 
H'  (assumed  here  to  coincide  with  H).  Both  e  and  e' 
are  positive  if  A  lies  in  front  of  (to  the  left  of)  H  and  B 
to  the  right  of  H'.  Also, 


(l/c)-KW) «(!//)  (1S-6) 


(assuming  equal  focal  lengths). 

Combining  Eqs.  (1S-5)  and  (1S-6)  results  in 


tan  v  -  (tan  v')f/ (e— /).  (LS-7) 


Since  e  is  positive  and  assumed  smaller  than  /, 
tan  v'  is  negative  and  so  is  e'  (  =  BL)  and  the  ray  is 
divergent  even  after  passage  through  the  lens  L.  As 
far  as  CCCI  is  concerned,  the  ray  might  just  as  well 
have  originated  at  B.  Provided  that 


e'<arc  sin  (n/m),  (1S-S) 


(the  effective  radius  reduction  possible2,3  for  CCCI), 
it  will  be  transmitted  to  the  detector  D.  \ote  that 
this  ray  might  have  originated  at  point  C  with  a 
divergence  angle  w,  and  were  it  not  for  CCC2,  it 
would  have  missed  lens  L  and  would  not  have  been 
detected.  Provided,  therefore,  that  lens  L  reduces  the 
effective  aperture  of  the  instrument  below  that  of  the 
optics  ahead,  it  is  possible  to  gain  signal  strength  by 
tin*  insertion  of  CCC2.  This  indeed  was  our  situation. 
There  is  no  observable  deterioration  of  resolution  and 
wavenumber  accuracy  under  our  operat  ing  conditions. 
The  location  of  CC02  with  respect  to  L  can  be 
defined  in  the  foliowing  way.  liefer  to  Figures  iN-2 
and  I S-3.  The  angle  u  of  the  limiting  ray  with  the 
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optic  axis  is  assumed  known.  Angle  w  of  CCC2  and  to  give 
all  the  parameters  pertaining  to  CCCl  are  also  as¬ 
sumed  known.  Then,  by  trigonometry 


and 


q = s  cot  v  =  s  cot  (tt+2 w) 


(1S-9) 


d  =  2(g  —  e)/(l-f  tan  v  cot  u+tanir  cotu+eotetan  w). 

(18-15) 


e  =  m  cot  (u-f-2tc),  (18-10) 

Now  all  the  required  parameters  are  determined.  As 
an  illustration,  w  =  14deg,  u>  =  8deg,  wi  =  2. lem, 
n  =0.15  cm  and  </  =  5.Scm.  From  Eq.  (18-8), 
v'  (max)  ~  4  deg  or  tan  v‘ -  —0.071.  Since 


« 


k-e—q+d  =  (m—s )  cot  (u+2w)-\-(c— s)  cot  w. 

(18-11) 


t<  =  u+2it>  =  30  deg  or  tan  v  =  0.58, 


In  practice,  the  CCC2  angle  w  is  the  smallest  angle 
conveniently  cut  on  the  lathe  and,  knowing  u,  d,  c, 
and  s,  the  other  parameters  pertaining  to  the  cone 
channel  condenser  CCC2  are  then  determined.  How¬ 
ever,  g,  the  distance  from  the  point  (C)  where  the 
peripheral  ray  intersects  the  optic  axis  at  angle  it  to 
the  lens,  must  also  be  known  if  the  actual  values  of  the 
radii  c  and  s  of  CCC2  are  to  be  calculated  and  not 
just  their  ratio.  This  distance,  and  the  effective  angu¬ 
lar  opening,  change  as  the  interferometer  mirror  is 
moved  from  the  position  of  zero  path  difference,  as  is 
well  known®,  but  a  compromise  is  easily  reached. 
This  variation  is,  in  turn,  reflected  as  an  increase  of 
relative  signal  strength  with  increasing  wavenumber 
when  the  Fourier  transformation  is  carried  out,  but 
since  absorption  spectra  are  invariably  ratioed  to  a 
reference,  this  effect  is  not  detrimental.  The  associated 
wavenumber  shift  can  be  corrected. 

By  combining  Eqs.  (18-1)  and  (18-2),  the  following 
useful  relations  are  obtained,  namely, 


c-d  (tan  r+tan  u;)/2,  (18-12) 


and 


«»d<tan  r-tan  t«)/2,  (18-13) 


which  can  be  combined  with  the  relation  for  </, 


g— e+g  --</=  c  cot  u,  (18-14) 


Eq.  (18-7)  gave  (e//)=0.S8.  Equation  (18-10)  then 
yielded  the  values  of  e  =  3.G4cm  and  /=4.14cm. 
Equations  (18-12)  and  (18-13)  resulted  in  c  =  0.359  d 
and  s=0.21S  d.  The  value  of  d  was  found  from 
Eq.  (18-15)  as  d— 1.06  cm,  thus  fixing  c  and  s  as 
c=0.39  and  s  =  0.23  cm.  Since  the  radius  of  the  image 
of  the  source  in  the  sample  chamber  as  provided  by 
the  instrument  maker  was  0.6  cm  for  the  source 
diameter  used,  a  reduction  of  cross-sectional  area 
required  for  the  sample  of  almost  7 : 1  was  achievable. 
From  Eq.  (18-11)  the  position  of  CCC2  is  given  by 
A: =4.37  cm. 

18-4  APPARATUS 

Figure  18-4  shows  the  two-cone  channel  condensers 
used  most  frequently  in  this  work.  They  are  sup¬ 
ported  on  a  pedestal  whose  height  can  be  accurately 
adjusted  and  are  located  in  the  sample  compartment 
by  means  of  reference  marks.  They  were  made  out  of 
brass  and  polished  to  the  finest  finish  possible  along 
their  interior  surfaces.  The  entrance  and  exit  diam¬ 
eters  are  2.5  cm  and  0.5  cm,  respectively.  The  cone 
angles  are  16  deg  (half  angle  8  deg),  and  the  overall 
length  of  the  two-cone  channel  condensers  is  about 
8  cm.  Before  use,  the  brass  was  gold  plated  to  a 
mirror  finish  to  avoid  tarnish.  One  of  these  con¬ 
densers  was  used  primarily  with  the  cylindrical  cell 
directly  attached  to  it  while  tl  other  one  was  used  in 
low-temperature  work.  For  the  latter  purpose,  small 
cylindrical  cells  were  attached  to  the  copper  strap 
suspended  from  the  cold  finger  of  the  liquid  nitrogen 
Dewar*  shown  in  Figure  18-5.  The  same  copper  strap 
also  holds  two  electric  heaters  which  allow  for  tem¬ 
perature  stabilization  by  reducing  the  heat  flow  from 
the  cell.  Cells  of  different  lengths  are  used  depending 
on  the  characteristics  of  the  sample.  The  tempera¬ 
tures  of  the  sample  cells  are  determined  by  copper- 
constantan  thermocouples  directly  attached  to  the 

•  Manufactured  by  Huffman  Division  of  Minnesota  Valley  Kncincerinjc 
Company. 
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Killin'  IS-t.  Hailmtinn  Ileum  Comlenpers. 
with  etmled  sample  eells 


a)  With  cylindrical  liquid  eell  attached.  1>)  With  attachment,  for  use 


cell  bodies  with  a  special  indium  solder.  The  cell  win¬ 
dows  are  made  of  high  density  polyethylenef  selected 
for  high  transmission  in  the  far  infrared.  They  are 
attached  to  the  eell  I  tody  by  raps  screwed  over  the 
ends.  At  the  ends  of  the  cell  body.  0-rings  seal  the 
cell  contents  against  the  eell  windows.  The  Dewar  is 
a  s|teeial!y  designed  liipiid  nitrogen  container  with 
double  walls  made  out  of  stainless  steel,  and  the 
vacuum  around  the  inner  part  holding  the  cold  linger 
is  provided  by  the  sample  compartment  of  the  instru¬ 
ment  itself.  The  Dewar  assembly  includes  a  duplicate 
lid  which  takes  the  place  of  the  usual  sample  compart¬ 


ment  lid.  With  Viton  0-rings  it  was  possible  to  main¬ 
tain  scaling  of  liquids  down  to  temperatures  of  minus 
1.10 deg  It  was  preferable,  however,  to  fill  the 
sample  compartment  with  dry  nitrogen  when  allowing 
the  Dewar  flask  and  its  attachments  to  return  to 
room  temperature  to  prevent  leakage  past  the  0-rings. 
Temperatures  intermediate  between  room  tempera¬ 
ture  and  that  of  liquid  nitrogen  could  be  reached  and 
maintained  for  reasonable  lengths  of  time  hv  adjusting 
the  current  through  the  heaters  with  i  variable 
voltage  transformer.  Because  of  this  rather  crude, 
though  effective,  method  of  temperature  control,  it 
was  necessary  to  constantly  cheek  that  the  liquid 
nitrogen  supply  in  the  Dewar  flask  was  maintained. 


t  Mutir  l»y  ritrimuchr  \\  r r k e  IlitU,  \r«tn(rn  A.’* 
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lielp  of  a  teletypewriter  communicating  over  telephone 
wires  with  a  G.E.  635  Computer  at  company  head¬ 
quarters.  The  interferometer  shown  hero  was  the 
first  of  its  kind  providing  BCD  output  produced  by 
the  Research  and  Industrial  Instruments  Company 
(RIIC)  of  London.  Experiences  with  it  stimulated 
many  developments  included  in  later  models  by  RIIC. 

It  was  found  possible  to  maintain  temperatures  for 
a  sufficiently  long  time  to  obtain  spectra  with  a 
theoretical  resolution  of  about  2.5  cm"1  (about 
30  min).  The  apparatus  is  used  not  only  for  cooled 
liquids  but  for  solids  as  well.  Solids,  dispersed  in  high 
density  polyethylene  and  •noided  in  the  form  of  thin 
discs,  are  supported  very  conveniently  at  the  exit  end 
of  the  cone  channel  condenser  (CCC2). 


1 8-5  PERFORMANCE 

Eigure  18-7  shows  the  ratio  of  signal  with  cone 


jfc 


Figure  18-5.  Dewar  Attachment  With  Liquid  Cell  for 
Low  Tcmperuture  Sneetroscopy  in  the  Far  Infrured 
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Figure  18-7.  Ratio  of  Detector  Signal  Obtained  With  and 
Without  Cone  Channel  Condenser.  The  entire  instrument  is 
evacuated 
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Figure  18-0.  Far  Infrared  Fourier  Interferometer  Installa¬ 
tion  for  Ixnv  Temperature  Work 


The  entire  far  infrared  installation  with  the  Dewar 
flask  in  place  is  shown  in  Figure  IN-0.  All  the  output 
data  were  produced  on  punched  pa|»er  lajH*  bv  the 
punch  located  below  the  optical  parts,  and  the  Fourier 
transformations  to  s|»cctra  were  carried  out  with  the 


channel  condenser  (CCC2)  to  that  without  over  a 
wide  wavenumber  region.  The  gain  attributable  to 
(’('(’2  is  more  pronounced  with  the  higher  wave- 
number.  The  relationship  is  nearly  linear.  As  already 
mentioned,  the  results  in  Eigure  1S-7  are  caused  by 
the  increase  of  solid  angle  obtained  at  the  entrance  to 
the  detector  compartment.  This  increase  in  signal 
strength  is  especially  valuable  because  of  the  reduc¬ 
tion  of  flux  diameter  through  the  sample,  which  other¬ 
wise  would  be  accompanied  by  a  signal  loss.  A 
deterioration  of  resolution  and  wavenumber  accuracy 
was  anticipated.  However,  since  normal  runs  used 
only  about  1000  mirror  |Misitions  rorrcs|xindiug  to  a 
theoretical  resolution  of  2.5  cm-1,  no  significant  dif¬ 
ferences  were  observed,  as  can  be  seen  by  a  comparison 
of  the  water  s|M'etra  obtained  both  with  ami  without 
in  the  sample  compartment  (Figures  is-s  and 
IS-!)).  The  radiation  path  through  the  -ample  coin- 
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Figure  18-8.  Water  Vapor  Spectrum  Obtained  With  the 
Cone  Channel  Condenser  in  the  Sample  Compartment  Ex¬ 
posed  to  the  Atmosphere.  The  interferometer  was  evacuated. 
This  spectrum  was  smoothed  (for  comparison  with  Fig¬ 
ure  18-9)  to  show  the  main  bands  only 


Figure  18-10.  Spectrum  of  a  4  Percent  Chlorobenzene  in 
Cyclohexane  Solution  Obtained  in  the  1.2  Cm  Cold  Cell 
Placed  Behind  CCC2.  The  reference  is  the  solvent 
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Figure  18-9.  Water  Vanor  Spectrum  Obtained  in  the  Same 
Way  ns  That  of  Figure  18-8,  except  for  the  Absence  of  the 
Cone  Channel  Condenser 


Figure  18-10  shows  a  spectrum  obtained  with  a 
4  percent  solution  of  chlorobenzene  in  cyclohexane 
(referenced  to  cyclohexane)  when  the  cell  attached  * 
the  Dewar  flask  is  used  in  conjunction  with  one  of  the 
cone  channel  condensers.  In  this  case,  the  radiation 
emerging  from  the  cone  channel  condenser  has  to 
jump  a  small  distance  before  it  can  enter  the  sample 
cell.  Nevertheless,  good  signal  strength  is  still  ob¬ 
tained  and  the  spectrum  is  still  of  good  quality  even 
though  there  is  some  bouncing  of  radiation  at  the 
sample  cell  walls.  It  should  be  realized  that  a  good 
part  of  the  radiation  transmitted  by  the  sample  cell 
has  not  been  affected  by  the  cone  channel  condenser 
at  all;  this  central  part  of  the  radiation  has  traversed 
the  sample  directly.  There  is  not  much  difference 
between  the  spectrum  shown  in  Figure  18-10  and  the 
one  obtained  in  the  manner  specified  by  the  instru¬ 
ment  maker,  that  is,  without  cone  channel  condenser 
(Figure  18-12).  Figure  18-11  shows  essentially  the 


partment  is  somewhat  greater  in  the  former  case.  If 
necessary,  the  digitized  output  and  the  characteristics 
of  the  interferometer  can  be  used  to  a  large  extent  to 
correct  any  errors  thus  introduced,  for  it  is  (xissiblc — 
most  simply  by  empirical  calibration  based  on  the 
water  spectra  to  bring  a  spectrum  back  to  standard 
conditions  by  computational  manipulations.  Since 
this  work  did  not  require  great  accuracy,  these  cor¬ 
rections  were  unnecessary. 

Because  of  the  increased  angle  of  the  radiation 
through  the  sample  cells  over  the  angles  for  which  the 
instrument  had  originally  bee  ,  designed,  there  is 
some  increase  in  effective  radiation  path  lengths 
through  the  samples  when  the  cone  channel  condenser 
is  used.  This  increase  makes  it  |M>ssibl«  to  obtain 
sufficient  absorption  of  far-infrared  radiation  with 
smaller  amounts  of  fluid.  However,  absorbance  and 
cell  length  are  still  pro|»irtional. 


Figure  18-11.  Spectrum  of  a  5  Percent  Chlorobenzene  in 
Cyclohexane  Solution  Obtained  in  the  1.2  Cm  Cylindrical 
Cell  Directly  Attached  to  a  Cone  Channel  Condenser.  The 
reference  ia  the  pure  solvent 
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Figure  18-12.  Spectrum  of  a  4  Percent  Chlorobenzene  in 
Cyclohexane  Solution  Obtained  in  a  Standard  1  Cm  Long 
Liquid  C.”  >T~  channel  condenser  war  used.  The 

reference  is  the  pure  solvent 


same  solution  spectrum  obtained  with  the  liquid  cell 
directly  attached  to  the  cone  channel  condenser. 
Clearly,  the  effective  absorption  path  has  almost  been 
doubled  because  of  bouncing  of  radiation  at  the  cell 
walls.  If  necessary,  the  small  “shading  toward  the 
visible”  produced  by  the  CCC2  can  be  corrected  by 
applying  the  necessary  wavenumber  shift. 

The  very  significant  bending  of  the  radiation  that 
occurs  in  the  sample  cells  when  the  CCC2  has  been 
used  is  shown  clearly  by  the  spectrum  of  Figure  18-13. 
This  figure  contains  absorbance  data  of  the  same 
chlorobenzene  solution,  but  this  time  referred  to  a 
vacuum  background  (with  the  CCC2  and  all  other 
conditions  being  equal).  Hence,  there  is  a  peak  at 
240  cm-1,  which  is  caused  by  the  cyclohexane  solvent. 
Note  that  the  background  continuously  rises  with 


wavenumber,  as  would  be  expected  from  the  increase 
of  refractive  index  with  increased  wavenumber.  Such 
data  can  be  helpful  for  crude  estimates  of  the  index  of 
refraction  of  liquids.  In  general,  spectra  of  solutions 
should  always  be  ratioed  to  those  of  the  pure  solvent. 

An  illustration  of  the  changes  observed  in  the  far- 
infrared  spectra  of  some  liquids  with  a  decrease  in 
temperature  is  shown  in  Figure  LS-14.  The  reference 
for  these  absoroances  is  the  room  temperature  spec¬ 
trum,  so  as  to  emphasize  the  differences.  Notice  that 
the  spectrum  of  methylcyclohexane  changes  con¬ 
siderably  as  the  temperature  is  reduced,  especially 
after  solidification  (at  the  lowest  temperature  shown), 
but  already  before.  Changes  of  far-infrared  absorption 
in  the  liquid  phase  have  been  ascribed  by  various 


Figure  18-14.  Change*  in  (he  Far  Infrared  Spectrum  of 
Methylcyclohexane  with  Temperature.  The  refer,  nee  ia 
methylcyclohexane  at  room  temperature.  Spectrum  3  refer* 
to  the  aolid 


* 


Figure  18-13.  Hpeetrum  of  a  4  IVreent  Chlorobenzene  in 
( 'vrlohcxiine  Solution  Obtained  in  the  1.2  Cm  Cylindrical 
Cell  Directly  Attached  to  a  (‘one  Channel  Condenarr.  The 
reference  ia  the  evacuated  rhamlvr  with  the  rone  rhannel 
condcnacr 


Figure  18-15.  Variation  of  JX-tortor  .Nxti.il  at  7x-ro 
Path  Difference  With  the  Teni|«'»n(‘in-  nf  Mclh'hvrl.v 
hexane  in  the  Op*'ral  Path  A  weighted  ir.itomiwmi 
average  over  the  40  400  cm  '  range  i*  rvjwjw-ntcd 
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investigators  to  change:,  of  rotational  freedom,  pseudo¬ 
lattice  transitions,  and  changes  in  the  Debye  absorp¬ 
tion. ,I,7H  It  is  not  the  purpose  of  this  paper  to  discuss 
these  changes  in  detail,  but  it  is  of  interest  to  show 
how  interferometry  in  the  far  infrared  can  ue  used  to 
emphasize  them.  Figure  1S-15  contains  a  plot  of  the 
detector  signal  against  temperature,  when  the  mov¬ 
able  interferometer  mirror  is  at  zero  path  difference, 
again  for  methvlcyclohexane.  The  wavenumber 


range  was  limited  to  40  to  400  cm-1.  Accordingly,  an 
average  over  the  entire  range  (though  weightec  by 
the  instrumental  parameters)  is  reflected  by  this 
signal.  As  the  temperature  is  lowered,  the  signal  first 
increases  and  then  abruptly  decreases  as  the  sample 
is  solidified.  In  some  materials  more  complex  changes 
have  been  noticed.  A  discussion  of  these  effects  and 
the  individual  spectra  they  reflect  will  be  presented 
in  a  different  publication. 
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Abstract 


The  interferometer  consists  of  a  beamsplitter  and  two  spherical  mirrors  and  is 
intended  for  application  in  planetary  spectroscopy  from  sounding  rockets  Kach 
mirror  images  the  source  on  the  detector.  The  usable  path  difference  is  twice  the 
focal  tolerance.  The  transfer  function  is  derived,  and  results  obtained  with  a 
laboratory  model  are  presented. 


19-1  INTRODUCTION 

For  the  study  of  planetary  atmusphrres  in  the  far 
infrared,  the  use  of  a  rocket-borne  telescope  combined 
with  a  Fourier  spectrometer  and  a  liquid-helium 
cooled  detector  was  considered.  The  principal  subject 
of  this  study  is  the  emission  spectrum  of  Jupiter.  The 
peak  is  anticipated  to  lie  in  a  region  of  strong  XHj 
absorption  between  100  cm- 1  and  300  cm- *.  A 
ealculnt.-d  sfjeetrum  of  a  model  atmosphere  con¬ 
taining  only  ammonia  as  a  radiating  gas  above  the 
cloud  layer  is  shown  in  Figure  19-1  A  cloud-top 
temperature  of  lftK*  K  is  assumed.  The  XH,  spec¬ 
trum  consists  of  group*  of  unresolved  lines,  which 
appear  as  bands  with  a  half-intensity  width  of  about 
5cm~\  spaced  at  interval*  of  about  20  cm-1.  The 
anticipated  average  spectral  flux  is  of  the  order  or 
10~s  W  cm-*  sr“'  cm**. 

To  delect  the  ammonia  band*  and  to  make  maxi¬ 
mum  use  of  the  available  flux  in  the  limited  time  of  the 
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rocket  flight,  it  was  decided  to  use  a  simple  inter¬ 
ferometer  as  shown  in  Figure  19-2.  It  consists  of  a 


Figure  19-2.  Spherical  Mirror  Interferometer 


mylar  beamsplitter  and  two  spherical  mirrors,  one  of 
which  is  movable.  The  planetary  image  formed  by  the 
telescope  is  placed  at  the  center  of  curvature  of  the 
fixed  mirror,  and  the  detector  is  placed  at  its  geo¬ 
metrical  image.  The  two  images  formed  by  the  fixed 
and  the  movable  mirror  are  separated  axially  by  a 
distance  equal  vo  the  path-difference  z  in  the  inter¬ 
ferometer. 

The  image  separation  evidently  places  an  upper 
limit  on  ti  t*  usable  path-difference,  but,  as  will  be 
shown  in  the  following,  the  spectral  resolution  neces¬ 
sary  for  detection  of  the  X I Ia  bands  can  easily  be 
achieves.  The  proposed  interferometer  is  easy  to 
match  to  the  telescope  and  has  the  advantage  of 
greater  simplicity,  compared  to  the  conventional 
arrangement.  This  is  of  special  interest  in  rocket 
applications,  where  weight  and  size  are  important 
<!  sign  laetors. 

19-2  PROPERTIES  OF  THE  INTERFEROMETER 

The  properties  of  the  interferometer  can  best  be 
a.  sessed  by  evaluation  of  the  transfer  function  S. 
Consider  the  planetary  image  as  a  circular  source  of 
uniform  brightness  and  radius  r,  and  let  the  inter¬ 
ferometer  beam  be  limited  by  a  circular  aperture 
stop  of  radius  It  at  the  fixed  mirror.  According  to 


Steel,1  the  transfer  function  for  monochromatic 
radiation  of  wavelength  X  is  then  given  by 


S=(2/r2)(2/h2)  J'  x  dx  j*  y  dy 

exp  {-%ikz(x2+y2)/R2}J0(zkxy/R2),  (19-1) 


where  x  and  y  are  radial  variables  in  the  source  and 
the  interferometer  aperture  stop,  respectively;  P 
is  the  radius  of  curvature  of  ihe  nr.  rrors,  z  is  the  path 
difference  and  k  =  2 x/X. 

Consider  first  a  point  source.  Equation  (19-1)  then 
reduces  to 


S  =  (2/A2)  y  dy  exp  {-%ikz(y/ R)2} 

=  exp  ( —  fyiu)  sin  §w/(£m)  (19-2) 


with 


u  =  ikz(h/R)2.  (19-3) 


This  function  is  of  the  same  form  as  the  transfer 
function  for  the  Twyman-Green  interferometer  if  the 
latter  were  used  with  a  circular  source  of  radius  A  and 
a  collimator  with  a  focal  length  R.  Analagous  to  the 
Twyman-Green  interferometer,  the  maximum  per¬ 
mitted  path-difference  zmax  is  defined  as  the  one  where 
the  modulation  in  the  interferogram  has  decreased 
to  f>4  per  cent.2  This  occurs  when  u  =  ir  and  gives 


W  =  ±X(tf/A)2.  (19-4) 


It  is  of  interest  to  note  that  the  function  in  Eq. 
(19-2)  is  identical  to  the  one  describing  the  on-axis 
diffracted  light  amplitude  in  the  diffraction  image 
formed  by  the  movable  mirror  at  the  detector.  The 
conventional  focal  tolerance  is  defined  as  the  distance 
where  the  on-axis  irradiance  has  decreased  to  SO 
P  'Tent  of  the  value  at  the  geometrical  image. '* 
In  Eq.  (19-2)  this  corresponds  to  u  =  7r/2.  Hence, 
the  simple  conclusion  is  that  the  permitted  maximum 
path-difference  is  twice  the  conventional  focal  toler¬ 
ance  in  the  image,  formed  by  either  mirror,  of  its 
center  of  curvature. 

An  alternative  interpretation  of  this  result  can  be 
given  by  considering  the  superposition  of  the  dif¬ 
fraction  images  of  the  point  source  formed  by  the 
two  mirrors.  As  is  well  known,  within  the  range 
defined  bv  Eq.  (19-4),  the  Fresnel  diffraction  pattern 
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formed  by  the  movable  mirror  is  very  similar  in 
structure  to  the  Airy  pattern  formed  by  the  fixed 
mirror.  Hence,  high  modulation  upon  variation  of  z 
can  be  expected.  In  fact,  this  representation  can 
be  used  for  an  alternative  derivation  of  the  transfer 
function.  Since  this  requires  a  rather  lengthy  mathe¬ 
matical  derivation,  without  presenting  essential  new 
views,  no  proof  will  be  given  here. 

The  spectral  resolution  in  wavenumbers  A <r  is  half 
the  reciprocal  of  the  maximum  path-difference.2 
Hence,  the  resolving  power  becomes 


<r/A<T  =  2(R/h)2.  (19-5) 


0.1-mm-thick  sheet  of  black  polyethylene.  The 
shortest  wavelength  which  then  can  be  measured  is 
about  45 /am.  The  field  stop  is  defined  by  the  size  of 
the  detector  and  has  a  radius  of  1.5  mm.  Hence,  the 
maximum  value  of  w  is  0.011,  which  is  negligibly 
small.  According  to  Eq.  (19-4),  the  maximum  per¬ 
mitted  path-difference  is  ±6.4  mm.  However,  the 
interferometer  was  operated  with  a  maximum  path- 
difference  of  only  ±3  mm,  this  being  the  limit 
imposed  by  the  drive  system. 

An  interferogram  obtained  by  running  the  inter¬ 
ferometer  in  normal  laboratory  air  and  the  computed 
spectrum  are  shown  in  Figure  19-3.  The  upper  part 


If  the  interferometer  is  properly  matched  to  the 
telescope,  this  is  a  function  only  of  the  //number 
of  the  latter.  With  an  // 6  telescope,  for  instance,  a 
resolving  power  of  288  can  be  achieved.  In  the 
wavelength  region  of  interest,  this  is  amply  sufficient 
to  identify  the  NH3  bands  with  certainty.  The 
maximum  permitted  path-difference  at  a  wavelength 
of  30  /am  is  ±4.3  mm.  In  either  branch  of  the  inter¬ 
ferogram  up  to  nine  signatures  corresponding  to  the 
band  spacing  should  be  detectable. 

So  far,  only  a  point  source  has  been  considered. 
For  practical  applications  it  is  necessary  to  take  the 
finite  size  of  the  source  into  account.  For  the  transfer 
function,  return  to  Eq.  (19-1).  A  closed  form  solution 
has  been  given  by  Steel1  for  r-h,  but  is  not  available 
for  the  general  case.  For  the  present  purpose  an 
adequate  approximation  can  be  found  by  expansion 
of  the  integrand/in  a  power  series  of  x.  For  small 
values  of  r, 


S  -  exp  ( — £  iu)  { (sin  |  u)/{\  u)  —  %  iw  exp  (— f  iw)} 

(19-6) 


where  w  =  £  kz(r/Ii) 2. 

Using  a  telescope  with  a  focal  length  of  210  cm, 
for  instance,  the  radius  of  the  Jupiter  image  is  about 
0.2  mm.  Hence,  at  maximum  path-difference 
w-w(r/h)2,  which  can  be  made  negligibly  small  by 
choosing  It  sufficiently  large,  for  instance  /i=4mm. 
For  the  reduction  of  the  interferogram  the  conven¬ 
tional  transfer  function  can  then  be  applied. 

19-3  SIMULATION  OF  THE  INTERFEROMETER  PER¬ 
FORMANCE 

A  preliminary  experiment  was  made  to  demonstrate 
the  performance  of  the  proposed  instrument.  For  this 
purpose,  an  interferometer  was  set  up  which  could 
accept  an  // 6  beam  as  planned  for  the  rocket  tele¬ 
scope.  The  mirror  radius  is  300  mm,  the  diameter 
50  mm.  A  mercury  lamp  is  used  as  a  source,  modulated 
at  15  Hz.  The  detector  is  a  Golay  cell  with  a  quartz 
window.  Additional  filtering  was  accomplished  by  a 
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Figure  I'.l-S.  Interferogram  ami  Spectrum  Obtained  With 
a  Spherical  Mirror  Interferometer  in  tin?  Laboratory 
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of  the  figure  shows  a  comparison  between  interfero- 
grams  obtained  with  fiat  and  with  spherical  mirrors. 
The  lower  part  of  the  figure  gives  a  spectrum  of  170  cm 
laboratory  air  derived  from  an  interfcrogram  obtained 
with  spherical  mirrors.  There  is  a  noticeable  asym¬ 
metry,  the  cause  of  which  has  not  yet  been  fully 
identified,  but  is  probably  a  minor  technical  imper¬ 


fection  of  the  mirror  drive.  A  triangular  apodization 
function  was  used  in  the  complex  transform  of  1173 
sampling  points  at  2.5  p  distance.  The  absorption 
features  are  all  due  to  water  vapor  in  the  1.5-m  air 
path.  The  details  in  the  spectrum  indicate  a  spectral 
resolution  close  to  the  theoretically  achievable  value. 
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20.  Performance  of  a  Simple  Spherical  Lamellar 
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Abstract 


A  simple  lamellar  grating  Fourier  spectrometer  for  the  3  to  100  cm  1  region 
with  resolution  between  0.4  and  0.5  cm-1  and  its  performance  are  described.  Spectra 
are  given  of  atmospheric  water  vapor  absorption  and  HA3  mercury  lamp  emission 
in  both  a  vacuum  and  a  helium  atmosphere,  as  well  as  channel  spectra  of  quartz 
plates. 


20-1  THE  INSTRUMENT 

The  Fourier  spectrometer  described  involves  a 
minimum  of  components  owing  to  the  fact  that  the 
lamellar  grating  provides  three  necessary  functions: 
path  difference,  wavefront  division,  and  focusing, 
which  avoid  the  need  for  collimators  and  beam¬ 
splitters,  such  as  are  employed  in  other  interferom¬ 
eters.  Figure  20-1  illustrates  the  main  components 
of  the  interferometer.  These  components  are:  a 
source;  a  chopper;  the  grating,  and  a  detector. 
With  the  exception  of  a  black  paper  filter  placed  at  the 
entrance  aperture,  and  a  cold  quartz  focusing  lens 
immediately  in  front  of  the  germanium  chip  (detector), 
there  are  no  dispersive  elements  in  the  path  of  the 
radiation.  The  filter  essentially  eliminates  high- 
frequency  radiation;  it  can  be  considered  a  linear 
element  in  the  frequency  range  of  interest,  3  to 
100  cm-1.  The  complete  interferometer  is  contained 
in  an  evacuable  chamber.  The  interferometer 
chamber  can  be  evacuated  to  pressures  below  10 
microns,  and  various  gases  can  be  admitted  for 
absorption  studies.  The  grating  and  detector  end  of 
the  chamber  has  been  designed  so  that  it  can  be 


VACUUM  PUMP 


Figure  20-1.  Schematic  of  Baaic  Interferometer 


mounted  on  a  300-ft  absorption  cell  that  is  available 
to  us,  and  with  which  we  plan  to  conduct  further 
investigations.  In  addition,  there  is  the  necessary 
electronic  system  for  the  processing  of  response  and 
for  display. 

The  grating  facets  are  made  of  steel.  At  first, 
the  reflecting  surfaces  on  them  were  flats.  The 
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present  spherical  surfaces  were  generated  w>th  the 
moving  facets  held  rigidly  in  place  (with  zei  path 
difference).  Then  a  spherical  surface  (/?=152cm) 
was  ground  and  polished  on  the  grating,  to  replace  the 
flat  surface.  The  finished  and  mounted  grating  is 
shown  diagrammatical!)'  in  Figure  20-2.  In  order  to 
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Figure  20-3.  Block  Diagram  of  Fourier  Spectrometer 
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Figure  20-2.  Assembled  Grating:  Front  and  Side  View 


assure  parallel  motion  of  the  moving  facets  with 
respect  to  the  stationary  ones,  the  moving  facets, 
attached  to  a  30-cm  aluminum  piston,  are  defined  by 
and  slide  on  four  Teflon-tipped  alignment  and 
support  screws,  adjusted  to  make  the  foci  of  the 
moving  and  the  stationary  facets  coincide  for  zero- 
path  difference;  displacing  them  along  the  center 
line  of  the  grating  as  path  difference  increases. 
Grating  advancement  takes  place  through  a  microm¬ 
eter  screw  that  pushes  on  a  bearing  ball  mounted  at 
the  center  of  the  piston.  This  particular  arrangement 
assures  parallel  motion  of  the  grating,  as  the  direction 
of  the  moving  piston  (not  rigidly  fastened  to  the 
drive  mechanism)  is  constrained  by  the  alignment 
screws.  When  data  are  being  recorded,  the  grating 
path  difference  is  stepped  back  from  its  maximum 
through  zero,  then  the  movable  part  ot  the  grating  is 
returned  to  maximum  path  difference  at  a  fast  rate  by 
means  of  a  return  mechanism.  Both  synchronous  and 
variable  speed  notors  are  used  in  conjunction  with  a 
Geneva  movement  to  advance  the  grating.  Step 
size,  grating  speed,  and  maximum  path  difference  are 
adjustable  to  allow  for  the  minimum  recording  time 
and  specified  resolution  that  is  appropriate  for 
various  spectra.  A  slide  wire  potentiometer  monitors 
grating  position  at  all  times. 

A  helium-cooled  germanium  bolometer  (provided 
by  Infrared  Laboratories,  Tucson,  Arizona)  is  used 
as  the  detector.  The  o|>erating  temperature  of  1.0°  K 
is  achieved  by  pumping  on  the  helium  with  a  high 
capacity  vacuum  pump.  The  noise  equivalent  power 
has  been  measured  and  calculated  to  be  2X10-13 
watts.  This  value  is  optimized  by  proper  selection  of  n 
bias  battery. 

The  detector  output  is  directly  applied  to  a  low 
noise  preamplifier  and  then  to  a  lock-in  amplifier 
which  is  referenced  to  the  100-Ilz  synchronous 
chopper  placed  in  front  of  the  input  a|>erture  (1'igure 
20-3).  The  amplified  detector  output  as  a  function  of 


path  difference — the  interferogram— -is  recorded  as  a 
plot  on  a  strip  chart  recorder.  The  output  is  simul¬ 
taneously  digitized  using  a  linear  encoder  whose 
output  is  directly  proportional  to  the  recorder  pen 
position.  The  data  are  coded  and  punched  on  paper 
tape  for  feeding  to  the  computer. 


The  multiplex  and  throughput  advantages  of 
Fourier  spectroscopy  are  well  described  in  the 
literature.1-3  Here  we  discuss  their  realization  by  a 
particular  instrument.  Our  spherical  lamellar1 
grating  was  designed  for  the  3  to  100  cm-1  region. 
The  grat"  <t  diameter  is  9  cm  and  the  radius  of 
curvature  152  cm.  The  grating  constant  is  0.635  cm. 
The  reflected  energy  oscillates  between  the  zeroth 
and  higher  orders  as  the  groove  depth  is  varied.1 
The  entrance  and  exit  apertures  are  identical;  they 
were  chosen  in  such  a  way  that  first-  and  higher-order 
radiation  of  the  highest  frequency  present  (100  cm-1) 
does  not  reach  the  detector,  in  order  to  yield  optimum 
modulation.  The  first-order  grating  equation  is 


Xe=osinci,  (20-1) 


where  X„  is  the  shortest  wavelength  present  in  the 
radiation  to  be  analyzed,  a  is  the  grating  constant, 
and  a  the  angle  of  incidence  of  the  radiation  on  the 
grating.  Since  the  grating  is  o;>crated  at  near  normal 
W 

incidence,  sin  ««o  where  W  is  the  slit  width  and 
n 

R  the  radius  of  curvature  of  the  grating.  Thus  for 
<r(*»  100  cm-1,  the  maximum  slit  width  is  2.4  cm. 
Actually,  our  entrance  aperture  is  a  „.jund  hole  of 
2.2  cm  diameter;  the  nctive  aperture  of  our  detector 
at  the  focus  of  the  sphere  is  the  same. 


20-2  DESIGN  CONSIDERATIONS 
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The  low  frequency  limit  of  the  interferometer  is 
mainly  limited  by  the  grating  constant.  When  the 
wavelength  of  the  radiation  incident  on  the  grating 
approaches  the  size  of  the  grating  constant,  wave¬ 
guide  effects  occur,  and  the  grating  grooves  exhibit 
effects  similar  to  open-ended  microwave  cavities  or 
waveguide  shorts.4,8  Under  these  conditions,  the 
group  velocity  in  the  grating  groove  is  less  than  the 
group  velocity  in  free  space ;  the  effect  exhibits  itself 
as  an  effective  increase  in  grating  groove  depth, 
resulting  in  decreased  modulation.  For  a  mono¬ 
chromatic  source,  the  interferogram  is  described  by 
the  equation 


.  ,  .  4ir d 

A  =  l-fcos  -y  i 


(20-2) 


where  A  is  the  zero-order  illumination,  d  is  the  groove 
depth,  and  X  the  wavelength.  If  we  consider  suc¬ 
cessive  maxima  in  Figure  20-4 — an  interferogram  of 
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Figure  20-4.  Interferogram  of  Monochromatic 
Source  and  Spectrum.  The  daahed  line  in  the  inter¬ 
ferogram  indicate*  what  could  be  expected  in  the 
preeence  of  “cavity  effect*" 


monochromatic  radiation— a  detectable  change  in  the 
magnitude  of  A,  A  A,  should  occur  if  X  changes  due  to 
cavity  effects.  From  Eq.  20-2, 


.  .  4 ird  .  4wd  .. 
AA  -  —  am  -y  AX. 


(20-3) 


For  maxima  d-n 


X 

2 


(»= 0,  1,  2, . .  .), 


A  A  2n7r  A  \ 

AA„=  — y  AX. 


(20-4) 


Thus  the  amplitude  of  the  successive  peaks  of  the 
interferogram  of  the  monochromatic  source  should 


decrease  by  an  amount 


We  actually  tested  the  grating  with  the  mono¬ 
chromatic  radiation  of  two  klystrons  operating  at 
4.5  and  6.2  cm-1.  A  typical  interferogram  and  the 
corresponding  spectrum  are  shown  in  Figure  20-4.  The 
dashed  curve  in  this  figure  indicates  what  would  have 
occurred  in  the  presence  of  cavity  effects.  But  there 
was  no  detectable  change  in  the  amplitude  of  the 
interferogram  (solid  line)  peaks.  This  was  the  case 
for  both  polarizations  (parallel  and  perpendicular  to 
the  long  groove  direction)  and  for  both  klystron  fre¬ 
quencies.  Tests  of  this  type  have  been  conducted  by 
Vanasse1  on  a  similar  grating  (a  =  1.3  cm)  with  a 
4.4  mm  (2.2  cm-1)  klystron.  His  results  indicate  a 
stronger  central  maximum,  indicating  the  possible 
presence  of  cavity  effects. 

The  maximum  path  difference  of  our  grating  is 
1.8  cm  which  results  in  a  theoretical  resolving  power 
of  0.27  cm-1. 1,0  The  best  resolution  achieved  in 
practice  is  between  Ac  =  0.4  and  Act  =  0.5  cm-1. 
From  the  upper  cutoff  frequency  of  a  =  100  cm"1,  the 
digitizing  interval  should  be  no  greater  than  0.0025  cm. 
Usually  in  practice  we  use  the  value  0.0019  cm. 

The  computer  program  replaces  the  Fourier 
integral  with  a  corresponding  summation.  A  triangle 
apodization  function  is  used.  Since  we  use  only  the 
cosine  (even)  transform,  we  employ  a  parabola  curve- 
fitting  technique  to  the  central  maximum  of  the 
interferogram  to  locate  the  zero  point  and  to  make 
appropriate  phase  error  corrections.7  Usually  a 
digitized  interferogram  contains  about  950  data 
points,  each  contained  in  a  seven-character  word.  It 
takes  our  time-sharing  system  15  minutes  to  accept 
this  information.  Actual  calculation  takes  about  70 
seconds,  and  print-out,  including  a  spectrum  plot  is 
usually  completed  within  30  minutes.  It  thus  takes 
about  45  minutes  to  obtain  a  spectrum  from  a  com¬ 
pleted  interferogram. 


20-3  MEASUREMENTS 

We  have  obtained  spectra  of  atmospheric  water 
vapor  absorption,  and  the  emission  spectra  of  an 
HA3  mercury  lamp,  both  in  a  vacuum  and  in  our 
system  purged  with  helium.  Also,  we  have  determined 
the  channel  spectra  of  quartz  plates  with  alternating 
silvered  facets  deposited  on  opposite  sides. 

Figure  20-5  shows  the  IIA3  mercury  lamp  emission 
spectra,  both  in  a  vacuum  and  in  the  dry  helium 
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PATH  DIFFERENCE 


Figure  20-5.  II A3  Mercury  Lamp  Spectrum  in 

Vacuum  and  Dry  Helium  System  ana  Typical  Inter- 
ferogram 


atmosphere.  The  spectra  appear  similar,  but  the 
vacuum  spectrum  has  been  shifted  to  the  higher 
frequencies.  We  attribute  this  effect  to  the  decreased 
temperature  of  the  mercury  lamp  in  the  second 
instance,  caused  by  increased  convection  cooling. 


Figure  20-6(a)  shows  HA3  lamp  radiation  passing 
through  3.3  meters  of  atmospheric  water  vapor.  In 
Figure  20-6(b)  a  Yoshinaga  filter  is  inserted  into  the 
path  of  the  radiation  and  is  seen  to  cause  high  at¬ 
tenuation  for  frequencies  higher  than  40  cm-1. 

Figure  20-7 (a)  shows  how  a  quartz  plate  was 
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Figure  20-11.  (a)  Spectrum  Obtained  of  Mercury  Arc 

Itndintion  rawing  Through  3.3  Meiers  of  Lalioratory  Air. 
(b)  A  Yuthinagn  Filter  i»  Inaerted  in  the  Path  of  the 
Itadiation.  Frvuurnrip*  higher  than  •Wcm'1  arc  highly 
attenuated 


Figure  20-7.  Collimator  for  Quartz 
Plate  Channel  Spectrum  Measurements 


oated  by  stripe  of  reflecting  silver — deposited  by 
thermal  evaporation — alternating  facets  being  on 
opposite  sides.  Essentially  this  plate  forms  a  lamellar 
grating  interferometer  of  fixed  geometrical  path 
difference.  When  radiation  at  near  normal  incidence 
strikes  the  plate,  destructive  interference  will  occur 
when  4X-*2nd(fc*l,  2, 3 . . .),  where  X  is  the  char¬ 
acteristic  wavelength,  d  the  thickness  of  the  plate, 
and  n  the  index  of  refraction.*  Thus  channel  spectra 
may  be  obtained  which  will  yield  information  as  to  n, 
ince  d  is  invariant,  and  known;  and  X  may  be  cal¬ 
culated  from  successive  minima  in  the  channel 
spectrum.  The  collimator  for  the  quartz  plate  inter- 
ferogram  is  shown  in  Figure  '->0-7(b).  Its  entrance 
and  exit  apertures  are  rectangular  slits  of  0.6  cm 
width.  The  grating  spacing  with  this  slit  width  puts 
higher  order  spectra  outside  the  exit  aperture,  so  that 
energy  in  these  orders  does  not  reach  the  entrance 
aperture  of  our  interferometer.  Two  quartz  plat"*,  of 
thickness  1.32  mm  and  0.71  mm,  were  used. 

The  interferograms  obtained  with  the  quartz 
plates  show  signatures  characteristic  of  channel 
spectra.  It  was  determined,  optically,  that  the  plates 
were  cut  nearly  perpendicular  to  the  optical  axis. 
However,  from  the  closely  spaced  signatures  on  the 
interferogrnm  and  the  modulated  cosine  structure  of 
the  spectra  (Figure  20-8),  we  conclude  that  our 
quarts  plates  exhibited  a  small  amount  of  bire¬ 
fringence.  Such  spectra  may  be  represented  as  the 


Rtlotive  Amplitude  _  Relative  Amplitude 


219 


» 


sum  of  two  cosine  oscillations  of  slightly  different 
frequencies  according  to  the  trigonometric  identity : 

0  2mm  4  mm  6twn  (r»  (Om  I2fnm 
(0)  DiW*r*tV:t 

2  cos  [27r(n1+n2)ff'd]  cos  I2ir(n1—n2)<rd] 

=  cos  4irn1<rd+cos  4irn2ad,  (20-5) 


0  2  mm  4mm  6mm  8mm  ©mm  12mm  14mm  16mm 

Potto  Difference  mm 


where  ni  and  n2  are  the  indices  of  refraction.6  From 
the  interferograms  and  the  spectra,  we  have  deter¬ 
mined  the  index  of  refraction  of  quartz  to  be  2.10  for 
20<<r<60  cm-1. 


Figure  20-8.  (a)  Interferogram  of  1.32-mm  Quarti  Plate. 

*  (b)  Corresponding  Spectrum,  (c)  The  Interferogram  Obtained 

With  a  0.71-ram  Plate  Thickness,  (d)  The  Resulting  Channel 
Spectrum 
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Discussion 


Q.  (J.  V.  Kline,  Colorado  School  of  Mines):  This 
morning  Dr  Strong  said  he  preferred  to  turn  the  lines 
of  the  grating  horiiontal  instead  of  vertical,  but  he 
did  not  say  why. 

A.  (John  Strong) :  When  the  lamellar  grooves  are 
l>umllel  to  the  plane  of  incidence,  the  spherical  sur¬ 
faces  being  worked  “off-axis,"  the  movable  facets  do 
not  occult  the  fixed  facets,  when  the  moving  facets 


are  out;  but  the  rim  support  of  the  fixed  facets  occults 
the  moving  facets  when  they  are  in.  This  gives  an 
asymmetrical  interferogram.  When  the  grooves  are 
perpendicular,  the  preferred  orientation,  the  movable 
facets  shade  the  fixed  facets  more  and  more  as  they 
move  out.  Likewise,  the  fixed  facets  shade  the  mov¬ 
able  facets  as  they  move  t».  This  gives  a  symmetrical 
interferogram  that  is  naturally  apodiced. 


♦ 
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21.  An  Automated  Interferometer  Spectrometer: 

Real-time  Data  Acquisition  and  On-line 
Computation  to  0.5  cm"' 

Raul  Curfoek)  and  Charles  Foskett 

Dig  Sab,  he,  Cambridge,  ManachutatH 


21-1  INTRODUCTION 

The  FTS-14  is  an  automated  Michelson  inter¬ 
ferometer  spectrometer  system.  By  interchanging 
beam  splitters  and  source  detectors,  the  entire  wave¬ 
length  region  from  0.6  pm  to  100  pm  can  be  measured. 
The  basic  system  is  designed  to  operate  in  the  near 
infrared,  from  2.8  pm  to  25  pm,  at  better  than  0.5 
cm-1  resolution.  The  spectrometer  is  completely 
self-contained  and  is  equipped  with  its  own  general- 
purpose  data  system  for  control,  acquisition,  com¬ 
putation,  and  display. 

21-2  HARDWARE  CONFIGURATION 

21-2.1  Analog  Subsystem 

The  optical  head  contains  a  Michelson  type  of 
rapid-scanning  interferometer.  One  mirror  of  the 
interferometer  is  mounted  on  an  air  bearing  and  is 
moved  by  an  electromechanical  transducer  similar  to 
that  of  a  loudspeaker.  The  mirror  motion  is  controlled 
by  a  constant-velocity  servomechanism. 

A  reference  interferometer  is  mounted  behind  the 
moving  mirror  of  the  main  interferometer.  The 
reference  interferometer  has  two  detectors,  which 
look  at  a  laser  and  a  white-light  source.  The  resulting 
interferograms  are  used  to  generate  the  velocity  error 
for  the  servomechanism  and  the  sampling  information 
for  sampling  the  main  interferometer  signal. 

The  double-beam  system  has  two  sample  compart¬ 
ments,  through  either  of  which  the  beam  passes 
exclusively.  To  minimise  background  effects,  the 
source  is  modulated  by  the  interferometer  before  it 
passes  through  the  sample  compartments.  The  beam 


is  focused  at  the  sample  compartment  by  an  off-axis 
paraboloid. 

21-2.2  Digital  Subsystem 

The  signal  is  digitised  by  a  15-bit  analog/digita] 
(A/D)  converter,  with  a  10-psec  digitisation  time. 
The  input  range  of  the  A/D  converter  is  approxi¬ 
mately  10  V  peak-to-peak. 

Digital  data  is  entered  into  the  data  system  memory 
via  the  central  processor,  although  other  alternatives 
are  available.  The  control  processor  unit  (tTl*) 
and  its  associated  core  is  the  Data  General  NOVA. 

The  NOVA  is  a  general-purpose  16-bit  computer 
with  a  2.6-psec  cycle  time.  Typical  instructions  take 
5.6  psac.  There  are  four  fully  programmable  registers, 
two  of  which  can  be  used  for  indexing.  The  instruction 
set  is  fully  complemented,  and  the  system  ha*  good 
basic  software  such  as  an  assembler  ditor,  and 
debugger.  The  memory  can  be  expanded  to  3'2K 
words;  up  to  64  devices  can  be  appended  to  the 
input. /output  (I/O)  bus.  Data  can  be  entered  into 
memory  via  a  data  channel  either  directly  or  in 
addition. 

The  KTS-14  has  two  basic  configurations:  all-core, 
and  disk.  The  cll-core  svst.m  ha*  16K  of  memory, 
1'2K  of  which  is  used  for  data.  The  disk  system  has 
4K  of  core  memory  and  12sK  of  disk  memory. 
Either  system  can  be  optionally  expanded  to  32K  of 
core  memory’. 

Status  is  determined  and  control  effected  through 
a  generalised  I/O  interface.  This  interface  uses  16 
lines  for  status  determination,  16  for  digital  output 
control,  8  for  inputting  alarm  conditions  to  the 
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spectrometer,  and  4  for  general  condition-sensing. 
Some  of  these  lines  are  used  by  the  FTS-14  basic 
system.  The  majority  remain  available  for  general- 
purpose  laboratory  use. 

A  high-speed  multiply/divide  unit  is  used  to  speed 
computations.  All  operations  are  signed.  The  basic 
multiply  time  is  4.4  psec.  Combined  with  input  and 
output,  a  multiply  typically  takes  20 nsec. 

Display  is  achieved  through  a  Houston  DP-1 
incremental  plotter.  The  plotter  increment  is  0.005  in. 
and  plot  s|>ccd  is  :t00  increments  per  sec.  A  second  pen 
is  simultaneously  run  as  a  wavelength  marker. 

21-3  SOFTWARE  CONFIGURATION 
21-3.1  Disk  vs  All  Cor* 

The  software  configuration  is  roughly  the  same  in 
both  the  all-core  ersion  and  the  disk  versions. 
Advantages  of  the  core  system  are  its  compactness 
and  access  speed.  The  advantage  of  the  disk  system 
is  its  memory  size.  In  each  configuration  the  software 
is  described  under  three  separate  headings:  (a)  control 
and  data  acquisition,  (6)  computation,  (r)  display. 

21-3.2  Control  and  Data  Acquisition 

I’ser  interaction  with  the  system  is  implemented 
through  a  conversational  executive.  The  conversa¬ 
tional  executive  uses  a  basic  three-letter  word  system 
to  store  system  and  experimental  parameters  and  to 
store  and  execute  system  commands.  An  arbitrary 
number  of  parameters  or  commands  can  be  used  in  the 
executive. 

The  status  lines  sense  the  condition,  or  state,  of  the 
experiment.  Air  bearing,  air  pressure.  laser  intensity, 
scan  status,  beam  status,  and  control-pane!  switch 
positions  are  all  monitored  by  the  status  lines.  Air 
pressure,  laser  intensity,  and  interferometer  power  arc 
monitored  by  the  alarm  lines. 

The  datn-arquisjtinn  program  sets  various  states  a- 
a  function  of  user-determined  system  parameters 
through  th  ait  ml  lines.  These  include  the  measure 
align  optics,  variable  apertures,  sample  reference  op¬ 
tics.  atul  -opt tonally  -an  automatic  sample  changer. 
In  addition,  file  scan  release  reference  condition  is 
controlled  through  these  same  lines. 

The  data  are  >ignal-a  vcragcd  in  real  t  ime  based  on  a 
clock  derived  fmm  the  laser  reference.  The  number 


of  scans  for  which  the  signal  is  averaged  is  a  user- 
controlled  parameter. 

21-3.3  Computation 

The  computation  portion  of  the  program  includes 
user-controlled  off-centered  trapezoidal  apodization. 
The  FFT  program  is  u  mixed-radix  (two/four) 
decimation-in-time  version  of  the  Cooley-Tukey 
algorithm.  The  coefficients  can  be  computed  or 
tabulated.  All  arithmetic  is  binary  (fixed-point),  with 
the  binary  point  at  the  left.  Scaling  is  performed  only 
when  required. 

The  phase  correction  performed  is  multiplicative, 
following  L.  Mertz,1  and  uses  the  center  portion  of 
the  interferogram  to  obtain  smooth  reference-phase 
spectra.  The  correction  is  independently  performed 
on  both  the  sample  and  the  reference. 

21-3.4  Display 

The  FTS-14  is  a  double-beam  spectrometer  system, 
readily  used  in  the  emission  mode.  A  useful  feature  of 
the  software  configuration  is  that  during  data  display 
the  data  stored  in  memory  are  noi  disturbed.  For 
example,  assuming  that  a  reference  and  a  sample 
spectrum  have  been  computed  and  stored  in  memory, 
there  are  several  plotting  options.  The  user  can  plot 
either  spectrum  as  a  single-beam  spectrum  or  he  can 
plot  transmittance,  absorbance,  or  log  absorbance  in 
any  sequence,  any  number  of  times,  without  destroy¬ 
ing  or  altering  the  memory  store.  In  addition,  the 
plots  can  be  scale-expanded,  or  the  data  can  be 
smoothed  to  a  lower  resolution  for  a  survey-mode 
spectrum,  after  which  important  regions  can  be  re¬ 
plotted  at  high  resolution,  still  from  the  same  data. 

Hither  beam,  from  front  (F)  or  back  (B),  can  be 
used  as  the  sample  beam,  and  so  F/B  or  B/F  can  be 
plotted.  In  addition,  a  reference  can  be  stored,  and 
so  FF, o  or  B  B0  are  also  acceptable  modes. 

21-4  SUMMARY 

The  FT$  14  marks  a  new  turn  in  Fourier  spectros¬ 
copy.  A  small  general-purpose  computer  and  an 
interactive  software  configuration  provide  digital 
control  over  resolution,  signal,  averaging  periods, 
sample  ratio  inodes,  mirror  scan  and  retrace,  apudisa- 
tion,  and  display  mode.  Most  important,  the  spectrum 
is  fully  transformed  and  phase-corrected  in  seconds 
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Q.  (Lawrence  P.  Giver,  NASA  Ames  Research 
Center) :  What  detectors  are  provided  for  this  instru¬ 
ment? 

A.  (8.  T.  Dunn,  Digilab,  Inc.) :  Most  commercially 
available  detector*  are  easily  interfaced  to  either  the 
dual-beam  sampling  system  or  directly  with  the  spec¬ 
trometer.  As  you  saw  from  the  slides,  the  interfacing 
of  cooled  detectors  is  straightforward.  We  have  pro¬ 
vided  the  following  detector*  with  various  systems : 

1)  TGS 

2)  Thermistor  Bolometer 

3)  Hg  Cd  Te  (7T  K) 

4)  Pb8e  (cooled  ar.d  at  room  temperature) 

5)  Pb8  (cooled  and  at  room  temperature) 

6)  InSb  (cooltd  and  at  room  temperature) 

7)  Silicon  cel! 

S)  PM  tube 

9)  Ge  cell 

10)  Cu-  and  Au-doped  Ge 

Q.  (James  R.  Aronson,  Arthur  D.  Little,  Inc): 
Do  you  have  any  trouble  with  the  TG8  detector  ex- 
c-eeding  its  Curie  point? 


Discussion 


A.  (S.  T.  Dunn):  The  Curie  point  is  about  45°  (’ 
and  we  have  never  cxc  eded  this.  Thus,  we  have  had 
no  problems  with  the  ( IS  in  this  area.  In  many  cases 
a  failure  of  the  TGS  ci..i  be  corrected  by  repotting  the 
detector.  We  anticipate  that  the  TGS  detector  will  be 
very  reliable  in  the  field. 

Q.  (Harry  Andrews.  1'.  Southern  California):  How 
many  data  points  do  you  u*e  per  spectrum?  Does 
your  hardware  use  fixed  or  floating  point? 

A.  (S.  T.  Dunn) :  For  the  high  resolut  ion  spectra  we 
record  16,600  points  and  calculate  16.000  output 
points,  then  isdcrpolate  these  »o  64.000  points  for 
(dotting.  The  basic  data  system  can  perform  a  64.000- 
point  transform  With  additional  disks  and  more 
double-precision  calculations.  «r  can  expand  this  to 
much  larger  transforms.  The  calculation  times  for  the 
data  system  of  less-  than  30  see  for  au  t»K  transform 
compare  very  favorably  with  vfir  chart  of  computation 
times  for  large  computers  presented  by  Dr.  J.  Coitne* 
yesterday.  The  arithmetic  cor. tains  some  floating¬ 
point  calculations  for  precision  during  rritiral  opera¬ 
tions 
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22.  Beam  Splitter  Optimization  for  Fourier  Spectroscopy 


A.  G.  Tescher 
General  Dynamics 
Pomona,  California 


Abstract 


In  an  analytic  study  of  properties  and  limitations  of  beam  splitter  designs  for 
the  infrared  part  of  the  spectrum  (1.2  fim  through  30  fim),  simple  designs  are 
compared  with  multilayer  configurations.  Polarization  effects  are  found  significant 
in  all  cases. 


22-1  INTRODUCTION 

The  basic  advantage  of  Fourier  spectroscopy  is  that 
the  number  of  simultaneously  observable  resolution 
elements  and  their  corresponding  efficiencies  are 
independent — that  is  to  say,  the  multiplex  principle 
applies.  The  efficiency  for  any  particular  portion  of 
the  spectrum  may  be  defined  here  as  the  fraction  of 
the  available  radiation  utilized  by  the  detector. 

To  achieve  high  efficiency  over  a  wide  spectral 
band,  three  instrumentation  aspects  are  important  for 
practical  Fourier  spectroscopy:  (a)  sufficient  optical 
alignment  must  be  provided  over  the  entire  spectral 
region  of  interest,  (b)  the  appropriate  photoelectric 
detector  must  be  available,  and  (c)  the  spectral 
efficiency  of  the  required  beam  splitter  must  be  high 
over  as  wide  a  band  as  possible.  Also  involved  are 
indirect  problems  such  as  the  required  dynamic  range 
of  the  recording  system,  which  increases  propor¬ 
tionally  with  the  width  of  the  observed  spectral  band. 
Most  of  these  problems  have  been  discussed  analyti¬ 
cally  in  the  literature1  for  application  in  the  infrared 
portion  of  the  spectrum.  The  dynamic  range  require¬ 
ments  and  solutions  thereto  are  discussed  in  Chapter 
27  of  this  collection  (Fourier  Spectroscopy  Applied  to 
Field  Measurements,  by  G.  W.  Ashley  and  A.  G. 
Tescher). 

Preceding  page  blank 


Surprisingly,  one  basic  element  in  all  Fourier 
transform  spectrometers — the  beam  splitter — has 
received  relatively  little  attention.  Although  a  simple 
problem  for  narrowband  application,  the  beam  splitter 
configuration  for  wideband  operation  is  not  well 
established.  For  the  purpose  of  this  discussion,  we 
define  as  wide-  and  narrowband  the  cases  where  the 
bandlimit  ratio  exceeds  2  or  is  less  than  2,  respectively. 
A  common  wideband  application  for  the  near-infrared, 
for  example,  is  the  region  from  1.25  jum  to  5  jam  since 
the  bandlimit  ratio  approaches  4. 

The  basic  objective  of  this  study  was  to  determine 
simple  beam  splitter  configurations  for  very  wide  band 
applications,  that  is,  for  cases  where  the  bandlimit 
ratio  approaches  10.  In  addition  to  specifically  con¬ 
sidering  the  1.2-pm  to  12-pm  and  the  3-gm  to  30-gm 
bands,  some  effort  was  made  to  study  the  effect  of  the 
beam  splitter  on  the  polarization  of  the  radiation  that 
passes  through  it. 

22-2  DESIGN  APPROACH 

The  typical  beam  splitter  (Figure  22-1)  consists  of 
a  transparent  substrate,  usually  a  low-index  material, 
on  which  there  has  been  deposited  a  thin  film  coating 
consisting  of  a  single  layer  or  numerous  elements.  A 
compensating  plate,  usually  of  the  same  material  as 
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Figure  22-1.  Schematic  Representation  of  Beam  Splitter 
Arrangement 


the  substrate  on  which  the  thin  film  was  deposited, 
completes  the  beam  splitter. 

In  the  conventional  Michelson  type  of  configura¬ 
tions,  the  beam  undergoes  one  reflection  by  and  one 
transmission  through  the  beam  splitter.  Consequently, 
the  energy  available  at  the  photoelectric  detector  is 
proportional  to  the  product  of  power  transmission  and 
reflection.  This  product  has  a  maximum  value  of 
0.25,  which  defines  the  design  goal  for  the  optical 
efficiency  of  the  beam  splitter;  both  reflection  and 
transmission  coefficients  should  therefore  be  as  close 
as  possible  to  50  percent  at  all  points  of  the  useful 
spectral  region  of  the  beam  splitter. 

To  meet  this  objective,  we  first  considered  only 
dielectric  configurations.  Other  materials  are  ob¬ 
viously  undesirable  because  of  energy  losses  due  to 
absorption.  In  addition,  it  can  be  shown  that  for 
dielectric  coatings  the  complementary  interferograms 
are  identical  and  180°  out  of  phase,  which  is  in  fact  the 
optimum  arrangement  (Mertz,1  page  34).  [See 
Appendix  A  for  a  proof  for  the  180°  phase  shift.] 

For  the  detail  design,  we  have  developed  a  rather 
complex  computer  program  that  allows  us  to  calculate 
the  optical  characteristics  of  various  thin  film  con¬ 
figurations.  Only  a  very  brief  qualitative  description 
will  be  given  here.  As  the  basis  of  the  algorithm,  we 
use  the  technique  of  characteristic  matrices.2,3 
Accordingly,  any  thin  film  layer  can  be  described 
exactly  by  a  2X2  complex  matrix,  and  the  composite 
structure  is  equivalent  to  the  product  of  the  individual 
matrices.  The  final  transmission  and  reflection 
parameters  can  then  be  expressed  in  terms  of  the 
matrix  elements  of  the  composite  structure.  The 


individual  matrix  elements  are  given  in  closed  form 
for  homogeneous  layers.  When  the  refractive  index 
itself  is  a  continuous  variable  of  position,  the  matrix 
elements  are  calculated  by  numerical  integration. 
Since  the  efficiency  of  the  beam  splitter  is  given  by  the 
product  of  power  reflection  and  transmission,  the 
described  program  lends  itself  easily  to  the  optimized 
design  of  beam  splitter  geometries. 

It  should  be  emphasized  that  the  calculations  thus 
performed  yield  exact  optical  characteristics  within 
the  validity  of  the  macroscopic  theory.  If  we  can 
describe  each  particular  component  by  its  macro¬ 
scopic  properties,  that  is,  by  its  index  of  refraction, 
all  boundary  conditions  are  automatically  satisfied. 

The  computer  program  handles  either  polarization, 
any  number  of  layers,  dielectric,  or  absorbing  com¬ 
ponents,  and  arbitrary  incident  angles. 

22-3  RESULTS 

22-3.1  Simple  Configurations  for  the  1.5-pm  to  5-pm 
Region 

Figure  22-2  indicates  the  optical  characteristics  of 


Figure  22-2.  Optical  Properties  of  Calcium  Fluoride/ 
Silicon/Calcium  Fluoride  Beam  Splitter 


a  conventional  beam  splitter  consisting  of  calcium 
fluoride  coated  with  a  0.17-jum-thick  silicon  layer;  a 
calcium  fluoride  compensating  plate  is  assumed  in 
direct  contact  with  the  coating.  Here,  as  well  as  in 
furiier  examples,  the  incident  radiation  is  at  45°.  The 
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refractive  indices  for  calcium  fluoride  and  silicon  were 
taken  to  be  1.42  and  3.44,  respectively.  The  upper 
two  graphs  show  the  power  reflection  and  transmission 
through  the  beam  splitter.  The  bottom  graph  is  the 
effective  response,  which  is  calculated  as  the  normal¬ 
ized  product  of  the  transmission  and  reflection  curves, 
that  is,  100  percent  corresponds  to  the  theoretical 
maximum  of  0.25.  The  calculation  is  performed  for 
three  polarization  angles:  0°,  45°,  and  90°.  The  0°  and 
90°  correspond  to  TM  and  TE  polarizations,  re¬ 
spectively.  The  45°  polarization  indicates  an  equal 
amount  of  power  in  either  polarization.  The  efficiency 
is  calculated  from  the  product  of  the  appropriately 
weighted  power  reflection  and  transmission  curves. 

If  we  accept  80  percent  efficiency  as  a  design  goal, 
this  simple  beam  splitter  configuration  is  very  satis¬ 
factory  from  1.5  jum  to  5  pm.  For  the  longer  wave¬ 
lengths,  the  relative  efficiency  seems  to  be  considerably 
affected  by  the  type  of  polarization  chosen.  We  have 
built  this  configuration  and  find  that  the  measured 
reflection  and  transmission  characteristics  correlate 
extremely  well  with  those  calculated. 

22-3.2  Simple  Configuration  for  the  4-pm  to  16-pm 
Region 

The  materials  chosen  for  the  4-pm  to  16-pm  range 
were  sodium  chloride  for  the  substrate  as  well  as  for 
the  compensating  plate,  both  in  contact  with  a 
0.4-pm-thick  coating  of  germanium.  The  correspond¬ 
ing  refractive  indices  are  1.5  and  4.0,  respectively. 
The  characteristic  features  of  the  response  (Figure 
22-3)  show  a  null  point  at  3.2  jam,  and  a  monotonic 


Figure  22-3.  Optical  Properties  of  Sodium  Chloride/ 
Germanium/Sodium  Chloride  Beam  Splitter 


decrease  at  wavelengths  longer  than  12  jam.  In 
addition,  at  the  longer  wavelengths  the  curves 
separate  significantly  with  polarization.  We  have 
built  this  configuration  also,  and  find  here  also  that 
the  experimentally  measured  values  correlate  well 
with  those  calculated. 

22-3.3  Beam  Splitter  for  the  1 .5-pm  to  12-pm  Region 

The  important  question  arises  whether,  by  minor 
modification  of  the  configuration,  the  simple  beam 
splitter  can  be  utilized  over  a  wider  spectral  band. 
The  answer  is  that  even  with  the  addition  of  a  single 
thin  film  layer,  considerable  improvement  can  be 
achieved.  Figure  22-4  shows  this  for  the  calcium 


Figure  22-4.  Optical  Properties  of  Calcium  Fluoride/ 
Silicon/Calcium  Ffuoride  Beam  Splitter  With  2.5-jtm  Air  Gap 


fluoride/silicon  beam  splitter.  The  compensating 
plate  is  separated  from  rhe  0.17-pm  coating  by  a 
distance  of  2.5  pm,  that  is,  an  air  gap  is  used  as  a 
second,  low-index  layer.  The  obvious  effect  is  the 
induced  modulation  in  the  reflection  and  transmission 
curves.  The  response  curves  show  somewhat  more 
complex  behavior  than  was  observed  for  the  simpler 
configuration.  We  may,  however,  observe  consider¬ 
able  improvement  in  the  spectral  efficiency  at  longer 
wavelengths.  For  random  polarization  the  spectral 
efficiency  is  still  above  50  percent  at  12/um.  Con¬ 
sequently,  this  beam  splitter  configuration  is  useful 
over  the  range  of  1.5  pm  to  12  pm.  We  should  also 
note  the  strong  variation  in  the  efficiency  curves  as 
functions  of  polarization.  In  the  case  of  90°  polariza¬ 
tion,  the  average  value  of  the  response  curve  is  above 
80  percent  in  the  1.5-pm  to  12-pm  region. 
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22-3.4  (Warn  Splitter  for  the  3-pm  to  30-pm  Region 

For  comparison  with  the  simple  design  for  the 
wideband  configuration,  the  optical  properties  of  a 
beam  splitter  utilizing  multilayer  coatings  were 
analyzed.  The  example  discussed  here  is  the  one 
developed  by  I’.  L.  Heinrich  et  al.4  for  application  in 
the  region  from  3  to  30  pm. 

Thirteen  layers,  of  three  different  materials  (Ge, 
TIBr,  KRS-5),  were  used.  The  optical  properties  are 
shown  in  Figure  22-5.  The  overall  thickness  was  over 


22-3.5  Parametric  Effect  of  the  Air  Gap 

We  have  indicated  that  the  introduction  of  a  second 
element  into  the  simplest  beam  splitter  configuration 
can  very  favorably  alter  its  optical  properties.  In 
Figure  22-6  we  present  the  effect  of  the  width  of  the 


Figure  22-6.  Optical  Properties  of  Calcium  Fluoride/ 
SilTcon/Calcium  Fluoride  Beam  Splitter  for  Air  Gaps  of  Four 
Different  Widths 


Figure  22-5.  Optical  Properties  of  Multilayer  Beam  Splitter 


1.7  pm,  which  is  considerable.  In  fact,  the  discussed 
configuration  was  a  limiting  case  in  terms  of  coating 
technology.  Systems  consisting  of  more  than  13 
layers  became  mechanically  unstable.  The  calculated 
optical  properties  are  good,  but  do  not  really  exceed 
the  previously  discussed  simple  configuration  with  the 
air  gap.  The  optical  properties  vary  as  a  function  of 
ixdarization  but  somewhat  less  than  for  the  simple 
design.  The  response  characteristic  is  good  at  long 
wavelengths;  in  the  10-pm  region,  however,  a  con¬ 
siderable  drop  (to  50  percent)  can  be  noticed.  The 
effective  response  is  marginal  at  wavelengths  shorter 
than  4  pm.  Consequently,  the  ratio  of  the  passband 
limit  is  only  30:4,  or  7.5,  even  if  we  ignore  the  de¬ 
ficiency  in  the  10-pm  region.  The  similar  passband 
limit  ratio  for  the  simple  design  with  an  air  gap 
(Figure  22-4)  is  12: 1.4,  or  approximately  S.O. 


air  gap  on  the  characteristics  of  the  beam  splitter. 
The  substrate  and  compensating  plates  are  calcium 
fluoride,  and  the  coating  is  a  0.17-pm-thick  silicon 
layer.  The  polarization  is  45°,  corresponding  to 
random  polarization.  The  air-gap  thicknesses  con¬ 
sidered  are  1.0,  2.0,  2.5,  and  4.0  pm. 

We  notice  significant  variations  in  optical  char¬ 
acteristics.  Consequently,  the  air-gap  width  can  be 
used  to  optimize  the  beam  splitter  for  specific  spectra] 
regions  of  interest.  This  is  an  important  practical 
consideration  since  operation  over  a  very  wide  spectral 
band  may  be  required  only  occasionally,  with  the 
majority  of  investigations  confined  to  a  narrower 
optical  region.  The  approach  in  this  case  would  be  to 
achieve  near  100  percent  efficiency  in  the  narrower 
spectral  regi<  n  while  maintaining  at  least  a  marginal 
efficiency  over  the  wider  band.  The  additional  degree 
of  freedom  does  allow  this  design  consideration. 

22-4  CONCLUSIONS 

The  analytic  and  experimental  evidence  of  this 
work  has  shown  that  simple,  single-element  beam 
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splitters  can  be  fabricated  with  high  efficiency  for 
operation  in  the  bandpass  from  1.5  to  5  pm  and  from 
4  to  16  pm.  The  addition  of  only  a  single,  low-index 
film  element  such  as  an  air  gap  is  shown  to  be  suf¬ 
ficient  to  produce  a  very  satisfactory  beam  splitter 
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configuration  for  operation  over  a  band  of  1.5  to 
12  pm  or  wider.  The  performance  characteristics  of 
such  a  relatively  simple  configuration  are  quite  com¬ 
patible  with  those  of  far  more  complex  systems  using 
thin  film  stacks  of  more  than  10  layers. 
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Discussion 


Q.  (Paul  D.  Feldman,  Johns  Hopkins  University): 
How  thick  must  the  substrate  be  in  order  to  obtain 
optical  flatness  and  how  much  absorption  does  this 
introduce? 

A.  (A.  Tescher) :  Our  substrates  were  0.4  in.  thick. 
They  should  be  so  chosen  as  not  to  produce  any 
absorption. 

Q.  (Paul  D.  Feldman) :  What  about  using  Mylar  as 
a  substrate? 

A.  (A.  Tescher) :  We  have  only  considered  the  1-  to 
30-/i m  region.  It  is  unlikely  that  the  Mylar  could 
provide  sufficient  optical  flatness. 

Comment  (Hugh  A.  Gebbie,  National  Bureau  of 
Standards) :  Films  can  be  evaporated  on  Mylar  sub¬ 
strates.  We  can  then  evaporate  layers  on  both  sides 
and  exploit  the  low  index  of  the  Mylar  in  the  same  way 
that  you  have  used  an  air  film. 

Comment  (A.  Tescher):  The  suggestion  may  be  ap¬ 
propriate  for  the  far  infrared  however,  it  is  unlikely 


that  we  could  maintain  the  required  optical  flatness 
for  shorter  wavelengths. 

Q.  (Dr.  Alain  L.  Fymat,  Jet  Propulsion  Labora¬ 
tory):  You  have  described  for  us  the  optical  charac¬ 
teristics  of  various  beam  splitters  for  different  states  of 
polarization  of  the  incident  radiation.  However,  since 
the  incidence  of  the  radiation  on  the  beam  splitter  is 
not  along  the  normal,  a  residual  polarization  ~vill 
therefore  also  be  introduced.  I  was  wondering  whether 
your  computer  program  has  been  written  to  handle 
also  this  polarization. 

A.  (A.  Tescher):  The  incident  radiation  was  as¬ 
sumed  at  45°  (the  computer  program  can  handle  any 
incident  direction),  and  the  indicated  efficiency  curves 
refer  to  the  appropriate  polarizati  >. 

Q.  Have  the  air-gap  CaFj  beam  splitters  been 
fabricated? 

A.  (A.  Tescher):  No;  however,  no  difficulty  would 
be  anticipated  in  building  one. 
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Abstract 


The  Michelson  interferometer  flown  on  Nimbus  III  in  April  1969  has  obtained 
infrared  emission  spectra  of  the  earth  and  its  atmosphere  within  400  and  2000  cm-1 
(5  and  25  p).  Spectra  ofaood  quality  have  been  recorded  with  a  spectral  resolution 
corresponding  to  5  cm  .  This  paper  contains  a  discussion  of  the  design  of  the 
instrument  including  the  optical  layout,  the  phase-locked  loop  operation  of  the 
Michelson  motor,  and  the  functioning  of  the  reference  interferometer.  The  methods 
of  data  reduction  and  in-flight  calibration  are  demonstrated  on  sample  spectra 
recorded  while  in  orbit  around  the  earth. 


the  large-area  solid-angle  product  of  the  inter¬ 
ferometer,  I'ourier  ^ctroscopy  was  advanced  by 
several  groups,  notably  in  England,  France,  and  the 
United  Stales.  The  state-of-the-art  at  that  time  is 
reflected  in  papers  by  Jacquinot4  and  Mme.  Connes.4 
The  paper  bv  Mme.  Connes  was  of  great  help  in  the 
design  of  the  instrument  being  discussed.  Interested 
readers  may  find  more  recent  surveys  on  Fourier 
spectroscopy  by  Mcrts,4  Lowcnstein.8  and  Vanajwe 
and  Sakai.7 

The  rapid  progress  that  satellite  technology  ex¬ 
perienced  in  the  late  1950’s  and  early  MMiO’s  stim- 


23-1  INTRODUCTION 

The  use  of  a  Michelson  interferometer  as  a  spec¬ 
trometer  is  relatively  recent.  Michelson ’«  original 
technique  of  observing  the  "visibility  of  fringes"  gives 
spectral  information  in  certain  special  cases  only.  It 
was  not  until  the  1950's  that  interest  was  revived  in 
the  Michelson  interferometer  aa  a  nwctral  analyser. 
After  Fellgctt1  had  shown  the  multiplex  advantage 
and  Jacquinot  and  Dufour*  had  called  attention  to 
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ulated  interest  in  remote  sensing  of  atmospheric 
parameters.  King8  and  Kaplan®  suggested  methods 
of  determining  atmospheric  temperature  profiles 
from  satellites.  For  that  purpose  mathematical 
techniques  and  tools  were  developed  in  the  following 
years,  notably  by  Wark  and  his  co-workers  (see,  for 
example,  Wark  and  Fleming10  and  references  therein, 
King,11  Chahine,12  and  Conrath13).  Besides  the 
lo-p  band  of  CO2,  which  is  well  suited  for  the  tem¬ 
perature  analysis,  the  spectral  intervals  of  water 
vapor  (5  to  9  n  and  beyond  17  n)  and  ozone  absorption 
(9  to  10  n)  and  other  spectral  regions  of  low  absorp¬ 
tion  are  also  of  importance  to  atmospheric  research. 
A  careful  analysis  shows  that  most  parts  of  the 
thermal  emission  spectrum  provide  useful  information. 
Therefore,  the  recording  of  a  large  portion  of  the 
emission  spectrum  seemed  desirable,  and  it  was 
natural  to  apply  the  instrumental  advantages  of  the 
Michelson  interferometer  to  atmospheric  research 
from  space. 

The  Infrared  Interferometer  Spectrometer  (IRIS) 
flown  tm  Nimbus  III  was  not  the  first  interferometer 
which  has  seen  operation  in  space.  Several  manned 
and  unmanned  satellites  carried  Michelson  inter¬ 
ferometers, 14,1 3,1 6  but  so  far  only  a  few  spectra  have 
been  published  from  these  flights,  a  fact  which  em¬ 
phasizes  the  difficulty  of  the  measurement. 

At  the  beginning  of  the  project  discussed  here,  it 
was  not  clear  that  a  wide  spectral  range  (approx¬ 
imately  5  to  2 it  m),  a  relatively  high  spectral  resolution 
(approximately  5  cm"1)  and  a  high  precision  (ap¬ 
proximately  1  percent)  could  be  combined  into  a  small 
instrument,  which  must  also  be  capable  of  withstand¬ 
ing  the  launch  and  space  environment.  None  of  the 
then  available  instruments  came  close  to  meeting 
these  requirements,  and  knowledgeable  people 
doubted  that  such  an  instrument  could  be  built.  At 
that  time  groups  from  the  University  of  Michigan  and 
Goddard  Space  Flight  Center  (GSFC)  combined 
forces  to  prove  the  feasibility  of  the  task.  An  in¬ 
strument,  IRIS  A,  was  jointly  built  and  flown  on  a 
high  altitude  balloon  in  I96fl.  Encouraging  results  were 
reported  by  Chaney  et  al. 1 7  and  Hand  and  Chaney. 18 
Thereafter,  the  Michigan  group  continued  to  develop 
IRIS  A  and  balloon-borne  techniques,  while  GSFC 
with  the  help  of  Texas  Instruments,  Inc.,  developed 
the  IRIS  B  for  space  flight. 

The  purpose  of  this  paper  is  to  describe  the  design, 
calibration,  and  performance  of  the  IRIS  B  instru¬ 
ment.  The  first  flight  model  of  the  instrument  was  lost 
when  Nimbus  B  failed  to  achieve  orbit  in  March  196N. 
The  span*  flight  model  was  launched  in  April  1969  on 
Nimbus  III  and  produced  data  for  about  3}  months, 
until  the  thermistor  bolometer  failed.  Preliminary 
results  have  been  reported  by  Hand  and  Conrath.1* 
Further  analysis  of  the  data  will  be  published  else¬ 
where 

23-2  WNOPICS  OP  OPHATION 

The  essential  part  of  the  Michelson  interferometer, 
ns  shown  in  the  simplified  diagram  in  Figure  23-1, 


Figure  23-1.  Simplified  Diagram  of  IRIS.  The  image 
motion  compensation  and  calibration  mirror  can  be  oriented 
so  that  IRIS  sees  earth,  deep  space,  or  an  on-board  blackbody 


is  the  beamsplitter,  which  divides  the  incoming 
radiation  into  two  approximately  equal  components. 
After  reflections  on  the  fixed  and  moving  mirrors, 
respectively,  the  two  beams  interfere  with  each  other 
with  a  phase  difference  proportional  to  the  optical 
path  difference  between  both  incident  beams.  The 
recombined  components  are  then  focused  onto  the 
detector,  where  the  intensity  is  recorded  as  a  function 
of  path  difference  S.  For  polychromatic  radiation  and 
neglecting  constant  terms,  the  signal  at  the  detector, 
called  the  interferogram,  is 


i(4)“  j co  (2tv6-+,)  dv.  (23-1) 


The  recorded  amplitude  i(i)  is  proportional  to  the 
responsivity,  r„  and  the  difference  in  radiance  between 
the  scene  H„  within  the  field  of  view  and  the  Planck 
function  B,i,  corresponding  to  the  instrument  tem¬ 
perature  7\.  The  phase  4,  is  slightly  wavenumber 
dependent.  Typical  interferograms  recorded  by 
IRIS  in  orbit  are  shown  in  Figure  23-2.  Interfero¬ 
grams  1,  2,  and  4  were  taken  while  viewing  the  earth; 
interferogram  3  was  taken  while  viewing  a  warm 
blackbody.  Interferograms  1  and  4  are  arctic  cases 
and  interferogram  2  is  a  hot  desert  case.  Each  inter¬ 
ferogram  is  digitised  and  temporarily  stored  in  the 
spacecraft  for  transmission  to  the  ground  station. 
The  spectrum  B,  is  reconstructed  in  a  ground-based 
computer  by  applying  the  inverse  Fourier  trans- 
forma:  'on  and  the  calibration  procedure  to  be  dis¬ 
cussed. 


Figure  23-2.  Typical  Interferograma  Recorded  by  IRIS  in  Orbit 


23-3  DESIGN  CONCEPT  AND  REQUIREMENTS 

The  functioning  of  the  Michelson  interferometer  is 
straightforward  in  principle,  but  rather  careful  design 
and  precise  manufacturing  techniques  are  necessary 
if  all  advantages  of  the  interferometer  are  to  be 
realised.  The  design  was  dictated  partially  by  the 
performance  requirements  and  partially  by  the  space 
environment  and  spacecraft  interface.  The  desire  to 
resolve  five  wavenumber  intervals  determined  the 
distance,  0.2  cm,  traveled  by  the  moving  mirror.  The 
spectral  band  to  be  covered  influenced  the  choice  of 
the  beamsplitter  substrate,  potassium  bromide  (KBr), 
and  of  the  detector,  a  thermistor  bolometer.  The 
required  spectral  resolution  and  the  highest  wave* 
number  of  interest  determined  the  field  of  view;  a  4“ 
half  cone  angle.  The  desire  to  operate  the  instrument 
at  the  midrange  of  expected  brightness  temperatures, 
in  order  to  conserve  dynamic  range,  dictated  an 
operating  temperature  of  about  250*  K. 

The  required  precision  demanded  a  long  integration 
time  per  measurement  as  well  as  a  wide  dynamic 
range  in  the  data  transmission  process.  Analog 
transmission  of  the  data  was  ruled  out  by  the  dynamic 
range  requirement  of  about  2000:1  and  only  a 
quantisation  procedure  with  two  scales  was  con¬ 
sidered  adequate.  The  relatively  long  integration 
time  of  10  sec,  combined  with  the  orbital  velocity  of 
the  satellite,  required  image  motion  compensation. 

An  on-board  calibration  procedure  was  considered 
mandatory  to  achieve  the  desired  accuracy  of  about 


1  percent  of  the  measured  radiance.  As  will  be  shown 
later,  without  this  calibration  procedure  the  experi¬ 
ment  would  have  been  a  failure.  A  1-percent  ac¬ 
curacy  in  the  measurement  of  radiances  is  difficult  to 
achieve  in  the  laboratory.  To  approach  this  accuracy 
in  a  remotely  operated  instrument  in  space  was 
probably  the  most  ambitious  part  of  the  program. 

The  importance  of  a  linear  mirror  motion  was 
recognised  in  the  beginning.  Sufficiently  constant 
velocity  of  the  Michelson  mirror  requires  feedback 
control,  which  was  implemented  using  a  velocity 
transducer  and  a  reference  or  fringr  control  inter¬ 
ferometer.  The  signal  from  the  reference  inter¬ 
ferometer  served  also  as  a  sample  initiator  for  the 
analog-to-digital  conversion  process.  Moreover, 
svnchroniiation  of  the  data  stream  with  the  space- 
cnift  clock  could  be  accomplished  by  a  phaw  locked 
loop,  which  slaves  the  mirror  motion  to  the  highly 
stable  clock  frequency. 

Weight,  power,  form  factor,  and  the  environment#! 
test  procedures  commonly  imposed  on  space  flight 
instruments,  placed  further  constraints  on  the  design. 
The  weight  of  the  IRIS  B  is  14. A  kg  including  the 
electronic  module,  and  16  W  are  necessary  for  opera¬ 
tion.  The  form  factor  was  determined,  in  part,  bv  the 
temperature  control  requirements.  As  a  refill  IRIS 
was  mounted  under  the  spacecraft  where  it  could 
have  an  unobstructed  view  of  space  (thermal  heat 
sink  parallel  to  pitch  axis),  earth  ^parallel  to  yaw 
axis),  and  space  (calibration  point  parallel  to  roll 
axis).  Although  IRIS  was  optimised  to  operate  in 
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flight  at  250°  K,  practical  considerations  of  qualifica¬ 
tion  testing  required  that  it  operate  at  room  tem¬ 
perature  also.  Furthermore,  the  interferometer  had 
to  survive  sinusoidnl  and  random  vibration  in  all 
three  axes  without  loss  of  alignment. 

The  instrument  to  be  constructed  had  to  consist 
of  the  following  elements,  which  will  be  discussed  in 
more  detail  below: 

(1)  Optical  module  including  beamsplitter,  and 
fixed  and  moving  mirror, 

(2)  Moving  mirror  drive  assembly  with  feedback 
control, 


(3)  Reference  interferometer  and  phase-locked 
loop, 

(4)  Infrared  detector  and  main  data  channel, 

(5)  Logic  and  control  system, 

(6)  Calibration  and  image  motion  compensation 
elements, 

(7)  Power  system, 

(8)  Thermal  control. 

The  block  diagram  in  Figure  23-3  shows  the  inter¬ 
action  of  the  individual  elements  of  the  system. 


« 
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Knurr  JM,  flfc:k  Dw|r»m  ai  IRIS.  Thr  molra*.  at  the  Mirtstbon  motor  t»  ptiw-WIml  to  the  Nimbus  clerk 


73-4  (NSTtVMtNT  DfSlGN 
23-4. 1  Ophco'  MmM* 

Thr  optical  module  consist*  of  two  main  compo¬ 
nents  referred  to  as  the  MicheLon-mirror  housing 
and  the  fixed-mirror  housing.  The  Miehelson-mirror 
drive,  the  entrance  window,  ant.  the  detector  of  the 
refe-rncc  interferometer  are  all  mounted  on  the  first 
housing,  shown  in  the  foreground  of  Figure  23-4. 


The  fixed-mirror  housing  contains  the  nonmoving 
mirror  of  the  interferometer,  thr  condensing  mirror, 
the  thermistor  bolometer,  and  the  reference  inter- 
ferometer  sourer,  all  visible  on  the  right  side  of 
Figure  23-4.  Both  housing*  were  machined  from 
fflfil  TB  aluminum  with  wait*  made  as  thick  as 
possible  to  provide  rigidity,  a  large  thermal  time 
constant,  and  small  temperature  gradients  within  the 
instrument. 
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Figure  23-4.  Infraicd  Interferometer  Spectrometer  (IRIS) 
Flown  on  Nimbus  III.  The  upward-looking  port  is  for  viewing 
earth,  and  the  other  port  is  for  viewing  deep  space 


The  alignment  philosophy  developed  during  the 
design  of  IRIS  depends  primarily  on  the  preassembly 
tolerances  and  the  dimensional  stability  of  the 
housings,  with  some  fine  alignment  accomplished  by 
adjustment  of  the  fixed  mirror.  All  mating  surfaces 
that  atTect  alignment  were  hand  lapped  to  optical 
tolerances.  A  pair  of  wedged  spacers  allowed  fine 
corrections  of  the  fixed  mirror  up  to  three  minutes 
of  arc.  IRIS  w'as  aligned  in  a  walk-i  t  cold  chamber 
at  the  operat  ng  temperature  of  250°  K.  Then  the 
unit  was  cycled  between  .300°  K  and  230®  K  s*  -.'ml 
times,  to  uncover  any  alignment  hvsten  is. 

The  Michelson-mirror  housing  is  recessed  at  the 
joining  flange  to  receive  the  beamsplitter  mount, 
which  has  an  optically  flat  reference  surface.  An 
O  ring  located  on  the  other  side  loads  the  beamsplitter 
mount  against  an  equally  well-polished  surface  of  the 
fixed-uitror  housing.  The  beamsplitter  assembly 
consists  of  two  0.95-cm  thick  potasium  bromide 
(KBr)  substrates.  One  substrate  carries  the  multi¬ 
layer  infrared  beamsplitter  coating,  with  a  separate 
coating  fo»  the  fringe  control  interferometer  located 
in  the  cente  r.  The  other  substrate  serves  as  a  com¬ 
pensator.  Transparent  film*  protect  both  substrates 
against  damage  from  moisture. 

The  beanvqditter  coatings  for  the  infrared  consist 
of  four  main  layers,  each  one  a  quarter  wave  thick  at 
.1  n  The  refractive  index  of  each  layer  was  cluwen  to 
increase  from  the  index  of  the  substrate  (h  » 1  At) 
to  the  index  of  the  last  layer  («  **4).  layers  two  and 
four  could  be  made  of  available  materials.  KltS  .1 
(«  -  2.47)  and  germanium  (»  *  4).  respect  ively.  Layers 
one  and  three  required  indices  of  I  04  and  3.13.  for 
which  suitable  materials  do  not  exist  t  hese  layers 
were  ma«Ie  of  six  sublayers  each.  The  subin;.  :VS  were 
}  of  a  wavelength  thick  and  involved  layers  of  h— d 
fluoride  (1‘bl‘j)  and  thallium  bromide  (  II Hr)  for  main 


layer  one,  and  TIBr  and  germanium  ,  .e)  for  main 
layer  three.  The  actual  beamsplitter  surface  is  the 
outermost  surface  of  the  assembly.  All  the  other 
layers  may  be  considered  antireflection  coatings  to 
prevent  reflections  from  the  inner  surface  of  the 
germanium  layer.  The  beamsplitter  was  designed  and 
fabricated  by  l’erkin-Elmer. 

All  mirrors  of  the  interferometer  are  gold  coated. 
The  fixed  interferometer  mirror  is  the  entrance  pupil 
for  the  optical  system.  It  has  an  effective  circular 
aperture  of  .3.3-cm  diameter.  An  ellipsoidal  mirror 
collects  the  ei.ergy  from  the  interferometer  and 
focuses  it  onto  the  infrared  detector,  a  thermistor 
bolometer  which  serves  as  the  exit  pupil. 

23-4.2  Moving  Mirror  Drive 

The  Michelson  mirror  is  attached  to  one  end  of  a 
shaft  moving  linearly  in  the  direction  of  its  main 
axis  of  symmetry.  This  linear  dc  ptotor  has  a  station¬ 
ary  magnetic  circuit  around  a  moving  drive  coil.  A 
velocity  transducer,  in  the  form  of  another  axially 
moving  coil  in  a  second  magnetic  gap,  is  attached  to 
the  other  end  of  the  drive  shaft.  The  whole  assembly 
is  supported  on  parallel  springs,  which  ensure  that  the 
mirror  moves  with  minimum  til*  and  without  bearing 
friction. 

23-4.3  Reference  Interferometer  and  Phase-locked 
loop 

Coaxial  with  the  infrared  interferometer  is  the 
reference  interferometer,  which  provides  velocity 
control  and  pulses  for  sampling  the  interferogram. 
Both  interferometers  share  the  fixed-mirror,  moving- 
mirror,  am!  beamsplitter  substrate.  The  light  source 
•i*  the  reference  interferometer  is  a  small  neon  dis¬ 
charge  lamp.  J.enses  collimate  the  radiation  from  the 
source,  and  43'  mirrors  reflect  it  into  ami  out  o'  the 
interferometer  path.  An  interference  filter  isolates 
the  desired  line  A1.3S323  p)  and  another  small  lens 
focuses  ti>*  beam  onto  a  silicon  photovoltaic  cell. 
This  particular  line  of  neon  was  convenient,  since 
it  was  found  to  be  sufficiently  strong  and  narrow.  ;.ml 
it  pe  rmitted  visual  alignment  of  tin  interferometer 

A  command  from  the  iogir  and  control  system  scy¬ 
the  Michelson  mirror  into  linear  motion,  which 
generates  a  sine  wave  at  the  output  of  the  silicon 
detector  and  a  direct  current  signal  at  the  velocity 
transducer.  The  rrfeicnee  signal  pl'.V.  Hr'  is  divided 
in  frequency  by  two.  and  the  jmsjtive  rcro  crossing 
initiates  the  sample  and  hold  command  to  the  data 
channel  The  reference  frequency  |s  also  Compared  it, 
pluise  with  n  spacecraft -derived  elork  fre  u-nrv  of 
t»23  Hr  A  signal  pro|K<rt  tonal  to  the  pha*e  error  i» 
|  Kisses  I  through  a  gnin-adju»t  network  to  an  inte¬ 
grator  and  then  to  a  summing  |«>int  at  the  current 
amplifier  for  the  drive  rod.  'flu-  signal  from  the 
velocity-control  transducer  h-ed*  into  th>-  same 
poihi.  The  closed-loop  iijM-ritnni  :i|si  reduce*  the 
sensitivity  of  the  mterfenmn'ter  to  external  vihralmn. 
a  very  important  |*>int. 

’Hie  servo  system  and  the  opiieal-tliermal  de-ign. 
which  maintained  alignment  over  a  30*  1‘  teio|»-ratnre 
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range,  were  the  most  difficult  individual  development 
tasks  of  the  program.  Undoubtedly  the  phase-lock 
loop  control  of  the  moving  mirror  contributed  con¬ 
siderably  to  the  quality  of  the  spectra  obtained. 

23-4.4  Infrared  Detector  and  Main  Data  Channel 

A  r>00-V  supply  biases  the  thermistor  bolometer 
at  the  operating  temperature  of  250°  K.  At  room 
temperature,  where  the  instrument  must  also  operate, 
the  bias  reduces  to  12")  V  to  account  for  the  lower 
bolometer  impedance  at  that  temperature.  The 
bolometer  is  mounted  on  spiders  in  front  of  the 
collecting  mirror.  The  frequency  response  of  the  high- 
impedance,  low-noise  preamplifier  mounted  behind 
the  collector  compensates  for  the  high  frequency 
roll-off  of  the  bolometer.  The  combined  response  of 
the  bolometer  and  amplifier  is  essentially  flat  in  the 
frequency  range  of  interest  <'18  to  73  Hz).  A  six-pole, 
active  bandpass  filter  follows  the  bolometer  amplifier 
and  removes  noisv  outside  the  bandwidth  of  the  data 
channel.  At  the  lowest  aliasing  frequency  (239.5  Hz) 
the  filter  attenuation  is  about  20  dB,  with  a  roll-off  of 
IS  dB  per  octave. 

The  interferogram  is  multiplexed  with  auxiliary 
data,  such  as  the  temperature  of  the  calibration 
blackbodv,  to  provide  required  information  for  data 
reduction  within  the  same  frame.  The  dynamic 
range  of  the  data  channel  dictated  the  use  of  a  gain¬ 
changing  circuit  before  the  analog-to-digita)  converter. 
A  dynamic  range  of  2000:1  is  required  to  process  the 
signal  without  adding  a  significant  amount  of  quan¬ 
tization  noise.  The  range  standardization  circuit  has 
a  high-gain  and  a  low-gain  region.  In  each  data  word 
one  bit,  called  “gain  bit,”  identifies  which  one  of  the 
regions  was  active.  This  gain-changing  circuit  in 
effect  increases  the  dynamic  range  of  the  analog-to- 
digital  converter  by  a  factor  of  10  without  a  serious 
loss  in  signal-to-noise  ratio  in  the  computed  spectrum. 

'li.e  analog-to-digital  converter  is  an  eight-bit 
ramp  type  design  preceded  by  a  sample  and  hold 
circuit.  As  discussed  above,  the  hold  command  is 
generated  from  each  second  fringe  of  the  neon  signal 
so  that  data  words  correspond  to  interferogram 
sample  points  1.1705  p  apart.  The  ramp  converter 
was  chosen  for  simplicity  while  maintaining  sufficient 
accuracy.  Two  synchronization  bits,  the  gain  bit 
and  a  parity  bit,  are  combined  with  the  eight  data 
bits  to  form  a  12-bii  word.  Words  are  serially  shifted 
out  to  'vie  of  two  spacecraft  tape  recorders. 

23-4.5  Logic  and  Control  System 

The  operation  of  the  instrument  is  sequenced  by 
the  logic  and  control  system,  which  receives  various 
clock  signals  and  ground  commands  from  the  space¬ 
craft.  The  logic  and  control  circuit  divides  the  system 
cycle  into  sixteen  frames,  fourteen  taken  while 
viewing  the  earth,  and  two  while  facing  the  calibration 
sources.  Each  frame  is  10  sec  long  and  has  a.  total  of 
5000  12-bit  words;  340S  for  each  int  Tferogram,  two 
sets  of  04  words  of  housekeeping  data  bracketing 
each  interferogram,  and  zeros  to  complete  the  frame. 


23-4.6  Calibration  and  Image  Motion  Compensation 

An  image  motion  compensation  and  a  calibration 
function  (IMCC)  reduce  target  smear  and  provide 
calibration  inputs.  Both  functions  are  accomplished 
by  rotation  of  the  same  mirror  inclined  at  45°  to  the 
axis  of  rotation  as  indicated  in  Figure  23-1.  Target 
smear  is  minimized  by  slowly  rotating  the  IMCC 
mirror  while  in  the  earth-view  position  through 
3.5°  in  10  sec,  the  duration  of  one  interferogram. 
Each  interferogram  represents  a  signal  which  origin¬ 
ates  within  a  well-defined  area  of  about  145-km 
diameter. 

The  automatic  calibration  sequence  begins  after 
the  fourteenth  earthviewed  frame,  when  the  IMCC 
mirror  moves  to  first  view  deep  space,  and  then  the 
on-board  blackbody,  completing  the  total  cycle. 
Image  motion  compensation  is  inhibited  during  the 
calibration  process  and  the  calibration  sequence  is 
inhibited  over  the  north  polar  region,  where  the  sun 
could  be  accidentally  in  the  field  of  view  during  deep 
space  calibration. 

23-4.7  Power  System 

Two  separate  power  supplies  were  required  to 
allow  heater  operation  with  or  without  instrument 
operation.  Each  supply  may  be  switched  by  ground 
command.  Both  supplies  contain  direct  current  to 
direct  current  converters  and  regulators. 

23-4.8  Thermal  Control 

The  requirement  to  operate  the  IRIS  optics  in 
orbit  at  250°  K  and  also  on  the  ground  at  room 
temperature  demanded  careful  consideration  of  pwb- 
lems  associated  with  differential  expansion  and  heat 
loads.  The  design  uses  three  resilient  mounting  pads, 
one  under  each  housing  of  the  optical  module.  These 
vibration  isolators  between  the  optics  housing  and  the 
support  structure  accomplish  three  objectives:  they 
provide  a  flexible  mechanical  interface  which  reduces 
possible  strains  induced  into  the  optics  module ;  they 
attenuate  vibration  from  the  launch  vehicle;  and  they 
increase  the  thermal  impedance.  This  was  not 
enough,  however.  A  fiberglass  hollow  cylinder  had  to 
be  added  between  the  optics  module  and  the  vibration 
isolators  to  provide  additional  thermal  isolation. 

Temperature  control  of  the  optics  was  based  on 
radiating  heat  to  space,  which  was  intended  to 
subcool  the  instrument,  and  then  replacing  a  portion 
of  the  heat  lost  with  power  from  an  electrical  heater 
in  a  thermostat  circuit.  Radiating  surfaces  were 
selectively  coated  with  a  white  paint  of  high  emis- 
sivity  in  the  infrared.  Heaters,  bonded  to  these 
surfaces,  have  different  power  consumpt:  ms  to 
account  for  variations  in  the  view  factors  around  the 
curved  surfaces  of  the  optics  housing.  The  entire 
instrument,  except  for  the  view  ports  and  the  cooling 
surface,  was  covered  with  a  blanket  of  super  insula¬ 
tion  consisting  of  32  layers  of  aluminized  mylar.  In 
orbit,  the  instrument  missed  its  250°  K  design 
temperature  by  about  5°  and  equalized  at  255°  K. 
Fortunately,  the  onboard  calibration  technique  com¬ 
pensated  for  the  effect.  Furthermore,  the  thermal  time 
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constant  of  the  optics  module  is  about  10  to  15 
hours,  3c  the  temperature  fluctuation  was  small 
between  the  sunlight  and  shaded  part  of  the  orbit. 

23-5  DATA  REDUCTION 

During  the  interrogation  of  Nimbus  III  by  the 
STADAN  data  acquisition  facilities  in  Alaska  and 
Rosman,  N.  C.,  interferograms  were  transferred  from 
the  satellite  recorder  to  a  tape  recorder  on  the  ground. 
The  Nimbus  ground  station  at  Goddard  Space  Flight 
Center  rearranged  the  IRIS  data  into  computer- 
compatible  format.  The  new  tapes  are  processed 
on  a  high-speed  digital  computer,  which  first  checks 
the  data  stream  for  completeness  and  processes 
the  housekeeping  information.  Then  all  interfero¬ 
grams  are  Fourier  transformed  using  the  Cooiey- 
Tukey  method.20,21  A  smoothing  or  apodization 
function  is  applied  to  all  interferograms  to  reduce 
side  lobes  of  the  instrument  function.  The  effect  of 
the  particular  apodization  function  used 


(0.54+0.46  cos  2w  t/T) 


is  discussed  by  Blackman  and  Tukey.22  In  this  func¬ 
tion  r  is  the  distance  from  the  center  and  T  is  the  total 
length  of  the  interferogram. 

The  Fourier  transformation  yields  the  amplitudes 
of  the  sine  and  cosine  terms,  which  can  be  converted 
into  magnitude  and  phase  for  each  spectral  element 
computed.  The  location  of  the  pronounced  central 
peak  in  the  calibration  interferogram  is  taken  as  the 
phase  reference  point.  Atmospheric  interferograms 
often  lack  a  central  peak,  as  shown  in  Figure  23-2,  and 
the  computer  uses  first  a  point  near  the  expected 
center  and  derives  the  power  spectrum  and  a  phase 
curve.  If  the  slope  of  the  phase  curve  exceeds  a  certain 
amount,  the  phase  reference  point  is  shifted  pro¬ 
portionally  to  the  slope  and  a  new  amplitude  and 
phase  are  computed. 

The  phase  determination  is  rather  important 
since  IRIS  was  designed  to  operate  at  the  midrange  of 
brightness  temperatures  expected  to  be  seen  in  orbit. 
The  power  spectrum  gives  only  the  magnitude  of  the 
difference  in  intensity  between  the  source  and  the 
instrument.  To  resolve  the  ambiguity  between  sources 
colder  and  warmer  than  the  instrument,  the  phase 
information  must  be  used.  The  phase  of  a  source 
colder  than  the  instrument  is  180°  apart  from  the 
phase  of  a  source  warmer  than  the  instrument.  A 
typical  power  spectrum,  a  phase  spectrum,  and  a 
phase-corrected  power  spectrum  are  shown  in  Figure 
23-5.  A  typical  uncalibrated  power  spectrum  and  the 
associated  phase  spectrum,  shown  in  the  upper  and 
middle  part  of  Figure  23-5,  are  the  result  of  the 
Fourier  transformation  of  the  interferogram.  The 
lower  part  of  the  figure  shows  the  phase-corrected 
power  spectrum  before  calibration.  In  the  automatic 


Figure  23-5.  Typical  Power  Spectrum,  Phase  Spectrum, 
and  Phase-Corrected  Power  Spectrum 


reduction  process  the  phase  angle  within  the  15-/i 
band  is  taken  equal  to  7r.  In  that  spectral  interval 
the  expected  brightness  temperatures  are  always 
lower  than  250°  K  while  viewing  earth,  and  this 
region  may  therefore  serve  as  a  polarity  reference. 
All  spectra  from  cold  blackbodies  are  taken  to  be 
negative,  and,  correspondingly,  all  warm  calibration 
spectra  are  taken  to  be  positive.  After  all  power 
spectra  have  been  phase  corrected,  that  is,  after  each 
spectral  component  has  the  proper  plus  and  minus 
sign  attached,  the  actual  calibration  process  takes 
place. 

23-6  CALIBRATION 

In-flight  calibration  is  performed  by  periodically 
viewing  an  onboard  blackbody  of  about  280°  K 
and  outer  space.  The  calibration  interferograms  are 
transformed  in  the  same  way  as  the  interferograms 
obtained  while  viewing  earth.  The  amplitude  C,  in 
the  spectrum  is  proportional  to  the  difference  in 
radiance  between  the  target  and  the  instrument. 
Thus,  for  each  wavenumber  interval, 


C-KBtarsot-fW,).  (23-2) 


The  sign  of  C  has  already  been  determined  as  dis¬ 
cussed  above.  From  the  calibration  sequence,  one 
obtains  a  set  of  three  equations:  one  for  the  target 
(Index  t),  one  for  the  cold  blackbody  (Index  c),  and 
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ono  for  the  warm  blackbody  (Index  to).  The  three 
equations  may  be  solved  to  yield  target  brightness 
(Hi),  responsivity  (r),  and  instrument  brightness 
(/!,).  If  one  uses  the  interstellar  background  (~4°  K) 
as  the  cold  reference,  then  Br  is  essentially  zero  and  the 
equations  simplify  to 


(23-3) 

-* 

II 

'1 

n 

Cl 

(23-4) 

w  e 

(23-5) 

Because  Cc  is  negative,  the  term  ( Cw—Cr )  is  the  sum 
of  the  amplitudes  in  the  calibration  spectra  and  not. 
the  difference  between  quantities  of  the  same  order 
of  magnitude. 

Equation  (23-3)  for  B,  is  used  to  reduce  the  spectra 
from  earth.  The  calibration  spectra  Tu,  and  of 
Eqs.  (23-3)  and  (23-5)  are  the  average  of  all  calibra¬ 
tion  spectra  within  one  orbit.  Figure  23-6  shows  the 
orbital  averages  of  the  calibration  spectra  on  a 
relative  scale,  the  responsivity  calculated  from  the 
calibration  spectra,  and  the  noise-equivalent  radiance 
calculated  from  the  standard  deviation  of  the  re¬ 
sponsivity.  The  factor  \  2  of  Eq.  (23-7)  was  omitted. 


2xl05 


AVERAGE  COLO  CALIBRATION  SPECTRUM 


SPECTRAL  RESPONSIVITY 
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Figure  23-6.  Orbital  Averages  of  the  Calibration  Spectra, 
the  Kesponsivity,  ami  the  Xoise-Kquivalent  Radiance 


Samples  of  calibration  spectra  and  the  average 
responsivity  f  are  shown  in  the  upper  and  central 
parts  of  Figure  23-6.  A  comparison  of  the  average 
orbital  responsivity  for  each  spectral  interval  from 
orbit  to  orbit  and  from  day  to  day  yields  the  long-term 
drift. 

The  short-term  repeatability  of  the  instrument  is 
determined  by  calculating  the  standard  deviation  s 
of  the  individual  responsivities  r,,  computed  from 
pairs  of  individual  hot  and  cold  calibration  spectra, 


s= 


£  (r<-0*Y 


(23-6) 


where  k  is  the  number  of  calibration  pairs  per  orbit. 
The  noise  equivalent  radiance  (NER)  may  be 
calculated  from 


NER  =  \/2  sBJf.  (23-7) 


The  square  root  of  two  factor  accounts  for  the  use  of 
two  spectra  in  the  computation  of  the  individual 
responsivities.  The  noise  equivalent  radiance  (NER) 
of  the  instrument  in  orbit  is  shown  in  the  lowest  part 
of  Figure  23-6.  Between  turn-on  of  the  instrument 
and  approximately  orbit  50,  the  responsivity  de¬ 
creased,  and,  as  a  consequence,  the  NER  increased. 
The  effect  amounts  to  about  30  percent  at  longer 
wavelengths  and  more  towards  shorter  wavelengths. 
Without  the  on-board  calibration  capability,  the 
scientific  objectives  could  not  have  been  met.  With 
the  on-board  calibration  procedure  the  effect  is  com¬ 
pensated;  however,  the  1400-  to  2000-cm-1  (5-  to 
7-m)  range  is  unreliable  after  orbit  50.  Fortunately, 
this  part  of  the  spectrum  is  not  used  in  the  deriva¬ 
tions  of  the  temperature,  humidity,  and  ozone  pro¬ 
files,  which  are  necessary  steps  to  reach  the  main 
objectives  of  this  experiment. 

23-7  INSTRUMENT  PERFORMANCE 

How  well  has  the  design  proven  itself?  How  close 
did  the  performance  of  the  instrument  come  to  the 
theoretically  possible  limit?  The  signal-to-noise  ratio 
of  the  interferometer  or  of  any  radiometric  device  can 
be  expressed  by  (for  example,  see  Hanoi 2S) 


S/N  =  n !  n-2 1,  A vD*VAMliT.  (23-8) 


The  noise  equivalent  radiance  is  the  radiance  I,  for 
which  the  signal-to-noise  ratio  becomes  unity. 


The  following  numerical  values  have  been  taken : 


system  efficiency  for  single  detector 
interferometers, 

optical  efficiency, 

width  of  resolved  spectral  element 
(cm-1), 

figure  of  merit  for  thermistor  bo¬ 
lometer  in  bridge  circuit 
[cm(Hz)i  W"1], 

area  of  non-moving  interferometer 
mirror  (cm2), 

solid  angle  of  instrument  (sr), 

solid  angle  of  detector  illumination 
(sr), 

Observation  time  per  interferogram 
(sec), 


171  =0.35; 
1/2=0.25; 


An>  =  5; 


D*=  10s; 

A  =  13; 

fl  =  1.6X10-2; 

n=i; 

r  =  10. 


The  optical  efficiency  includes  the  reflection  losses 
on  three  mirrors,  0.95  each;  the  transmission  losses 
on  the  entrance  window,  0.7 ;  obscuration,  0.7,  by  the 
reference  interferometer  and  spiders;  and  finally, 
the  efficiency  of  the  beamsplitter,  0.6.  The  calculated 
noise  equivalent  radiance  becomes  1.6  X10-8.  The 
observed  NER  is  about  3  to  5  times  higher.  Most  of 
the  difference  is  accounted  for  by  the  noise  introduced 
by  the  bolometer  power  supply  and  by  imperfect 
alignment.  The  preamplifier  and  the  quantization 
process  also  contribute  small  amounts  of  noise.  The 
performance  of  the  instrument  came  fairly  close  to 
the  theoretically  possible  limit;  however,  there  is  stir 
room  for  improvement. 


23-8  RESULTS 

A  typical  atmospheric  emission  spectrum  taken 
over  a  clear  tropical  ocean  is  shown  in  Figure  23-7. 


bands  of  CO2  and  N2O.  The  spectrum  was  calibrated 
by  the  procedure  outlined  above.  The  dominant 
spectral  feature  between  approximately  600  and 
750  cm"1  is  due  to  the  C02  molecule.  The  higher 
intensities  in  the  more  transparent  wings  of  the  band 
reflect  warmer  temperatures  of  the  lower  layers  in  the 
atmosphere,  and  the  lower  intensities  toward  the 
band  center  correspond  to  the  lower  temperatures 
near  the  tropopause.  The  most  opaque  part  of  the 
band,  the  Q-branch  near  667  cm-1,  indicates  an 
opposing  trend  caused  by  higher  stratospheric  tem¬ 
peratures.  Radiances  in  the  C02  band  are  used  to 
derive  atmospheric  temperature  profiles. 

If  the  temperature  profile  is  known,  it  is  possible  to 
deduce  the  distribution  of  other  atmospheric  con¬ 
stituents  such  as  O3  and  H20.  The  ozone  band 
centered  at  approximately  1040  cm-1  and  water 
vapor  absorption  regions  between  1200  and  1400  cm-1 
and  between  400  and  550  cm-1  are  well  suited  for 
that  purpose.  Between  800  and  1000  cm-1  and 
between  1070  and  1250  cm-1  the  radiation  originates 
predominantly  from  the  surface,  with  some  absorp¬ 
tion  by  water  vapor  and  carbon  dioxide.  For  example, 
this  spectral  interval  can  be  used  to  determine  the 
surface  brightness  and,  in  many  cases,  the  surface 
temperature.  The  same  figure  gives  the  noise  equiv¬ 
alent  radiance  computed  from  the  calibration  inter- 
ferograms  of  that  orbit.  Figure  23-8  illustrates  the 


Figure  23-8.  Spectra  Recorded  by  IRIS  Over  Desert  and 
Arctic  Regions 


Figure  23-7.  Typical  Emission  Spectrum  of  a  Tropical 
Region 


The  strong  C02  bands  between  500  and  780  cm-1 
were  used  to  derive  the  atmospheric  temperature 
profile.  Ozone  absorption  appears  between  1000  and 
1070  cm-1.  Most  other  features  are  due  to  H20 
except  for  a  CH<  band  hear  1306  cm-1  and  weak 


extreme  difference  between  desert  and  arctic  spectra. 
The  desert  soil  at  noon  is  warmer  than  the  air  and 
shows  a  reststrahlen  effect,  a  lower  emissivity  in  the 
1100-cm-1  region  compared  with  the  900-cm-1 
region,  typical  of  silicate  oxides.  Brightness  tem- 
peratums  of  blackbodv  radiation  arc  also  shown.  A 
discussion  of  the  spectra  and  an  interpretation  of  the 
data  will  be  published  elsewhere.24 
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23-9  SUMMARY 

At  the  beginning  of  this  project,  it  seemed  almost 
beyond  the  state-of-the  art  to  record  the  infrared 
emission  spectrum  over  a  wide  spectral  range 
(400  to  2000  cm-1)  with  a  resolution  equivalent  to 
5  cm-1  and  with  a  precision  of  1  percent  from  a 
satellite.  The  requirement  of  a  long  orbital  lifetime 
limited  the  design  to  a  thermistor  bolometer,  w'hich  is 
a  relatively  jxK>r  detector  compared  with  cryo- 
genicully  cooled  devices.  Only  the  large  area  times 
solid  angle  and  the  multiplex  advantages  of  the 
Michelson  interferometer  promised  a  possible  solu¬ 
tion,  but  the  performance  of  the  interferometer  had 
to  be  close  to  calculated  expectations.  The  instrument 
discussed  in  detail  in  this  paper  achieved  the  required 
performance  and  came  close  to  the  calculated  limits 
of  resolution  and  precision.  The  main  accomplish¬ 
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ments  of  the  design  were  the  maintenance  of  adequate 
optical  alignment  over  a  50®  C  temperature  range; 
the  operation  of  the  moving  mirror  of  the  inter¬ 
ferometer  by  a  pha  blocked  loop  to  obtain  the  re¬ 
quired  radiometric  precision  of  about  1  percent  ;  and 
finally,  the  achievement  of  the  required  accuracy  by 
an  on-board  calibration  technique. 

In  orbit  the  instrument  performed  well,  although 
not  flawlessly.  The  spectra  obtained  were  more  than 
adequate  for  the  achievement  of  the  scientific  ob¬ 
jectives  of  the  experiment.  The  desired  equilibrium 
temperature  was  not  reached,  however,  and  some 
misalignment  caused  degradations  primarily  at  the 
short-wavelength  end  of  the  spectrum.  Nevertheless, 
it  was  demonstrated  that  such  a  delicate  instrument 
as  a  Michelson  interferometer  can  be  flown  on  a 
spacecraft  and  produce  spectra  of  good  quality. 
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Q.  (G.  M.  Levy,  Barringer  Research  Ltd.) :  Have 
you  profiled  water  vapor  and  ozone? 

A.  (R.  A.  Hanel) :  Yes. 

Q.  (G.  M.  Levy):  Have  you  profiled  any  other 
gases? 

A.  (R.  A.  Hanel):  No. 

Q.  (J.  D.  Strong,  University  of  Massachusetts): 
What  was  the  origin  of  the  irregularities  in  the  cold 
and  warm  calibration  spectra? 
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Discussion 


A.  (R.  A.  Hanel):  Absorption  in  the  beamsplitter 
coatings. 

Q.  (Robert  J.  Bell,  University  of  Missouri) :  What 
is  the  lifetime  of  the  instrument  in  flight? 

A.  (R.  A.  Hanel) :  About  3|  months;  the  thermister 
burned  out. 
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Abstract 


A  rugged  lightweight  Michelson  interferometer-spectrometer  was  developed  and 
flown  successfully  aboard  a  space  vehicle.  Two  interferograms  were  produced. 
A  Si  detector  was  used  between  9000  and  11,400  cm-1,  and  a  thermoclectrically 
cooled  PbSe  detector  was  used  between  1800  and  9000  cm-1.  Both  had  a  dynamic 
range  of  10®,  noise  equivalent  signal  input  of  5  X  10-6  W/cm*  sr  n,  10  interfero- 
grams/second,  and  a  spectral  resolution  of  20  cm-1. 


24-1  INTRODUCTION 

A  series  of  Michelson  interferometer-spectrometers 
have  been  designed,  developed,  and  flown  successfully 
on  several  space  vehicles.  Ten  flight  instruments  were 
developed  and  built  by  Block  Engineering,  Inc.,  under 
the  direction  of  Bell  Telephone  Laboratories,  Inc., 
for  infrared  flight  measurements.  The  interferometer- 
spectrometer  was  well  suited  to  space  vehicle  measure- 
ments  since  no  instrument  of  comparable  siie  and 
weight  could  equal  both  its  sensitivity  and  its  resolu¬ 
tion  over  the  required  spectral  range.  The  vehicle 
operating  environment  required  a  rugged  instrument, 
insensitive  to  vibration  and  acceleration.  Die  avail¬ 
able  power  was  limited,  and  the  interferometer  had  tx» 
share  a  specially  designed  analog  data  link  with  other 
instruments. 

PracciinK  page  blank 


The  basic  characteristics  of  the  instrument  were  a 
wavelength  range  of  0-86  to  5.3 pa*  »  resolution  of 
20  cm-',  a  scan  rate  of  10  intcrferograms/sec,  and 
typical  sensitivities  of  5X10-1*  W/cm*  srpi.  In  this 
paper  the  flight  instrument  and  associated  components 
are  described.  The  flight  telemetry  and  the  data 
reduction  methods  used  in  transforming  the  inter¬ 
ferograms  to  spectra  are  discussed  in  Chapter  25. 

The  basic  principles  of  Fourier  transform  spectros¬ 
copy  will  be  omitted  here  because  they  have  been 
well  covered  elsewhere.*'1  In  Section  24  2  a  dis¬ 
cussion  of  the  criteria  governing  the  design  of  the 
interferometer  is  given.  Sect  km  24  3  contains  a 
description  of  the  instrument. 

it  was  found  necessary  to  chirp  the  instrument  in 
order  to  provide  acceptable  signal-to-noise  ratios  in 
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the  telemetered  interfere^  am.  The  chirping  methods 
are  discussed  in  Section  24-4.  The  instruments  were 
subjected  to  a  thorough  calibration  prior  to  launch. 
The  calibrations  were  performed  independently  at 
two  separate  laboratories  with  generally  excellent 
agreement.  Some  results  of  the  calibrations  are 
discussed  in  Section  24-/5.  Section  24-6  contains  an 
abstract  of  the  data-link,  and  Section  24-7  the  con¬ 
clusions  of  this  paper. 


24-2  DESIGN  CONSIDERATIONS 

The  instrument  design  was  determined  by  both 
scientific  requirements  on  data  quality  and  hardware 
constraints  imposed  by  the  vehicle  and  operating 
environment. 

The  design  requirements  for  the  flight  inter¬ 
ferometer  were:  high  sensitivity  over  a  spectral  range 
of  0.S6  to  5.3  n,  high  scan  or  repetition  rate,  moderate 
spectral  resolution,  at  least  10w  dynamic  range  in 
radiance,  and  a  wide  field-of-view.  In  addition,  the 
instrument  had  to  remain  insensitive  during  operation 
to,  collectively:  vibration  of  amplitude  11.6  grms, 
accelerations  up  n  40  g,  and  a  temperature  range  of 
—  2/5  to  +55°  C.  It  had  to  accomplish  these  factors 
not  only  in  a  vacuum  environment  but  at  all  pressures 
(continuously  varied)  up  to  atmospheric  pressure. 
Moreover,  the  interferometer  had  to  survive  a  series 
of  100-g  shock  tests.  The  physical  size  constraints  were 
(1  0Xl/4Xl/2)m3,  the  weight  limit  was  17  kg,  and  the 
maximum  power  available  for  operation  was  100  W. 
One  dominant  constraint  was  the  availability  of  only 
40  dB  of  telemetry  dynamic  range.  Since  an  overall 
dynamic  range  of  10*’  (120  dB)  in  the  source  intensity 
was  expected,  automatic  gain  switching  of  the  inter¬ 
ferometer  was  required. 

The  spectral  resolution  was  limited  to  20  cm-1  by 
the  required  scan  rate  and  the  sensitivity  require- 


Kigurc  21-1.  Flight  Model  Interferometer 


ments.  The  available  signal-to-noise  ratio  did  not 
justify  additional  resolution.  Wavenumber  accuracy 
of  10  cm-1  represents  the  typical  noise-limited  case. 
The  basic  wavenumber  scale  is  linear,  and  is  directly 
relatable  to  an  argon  line  used  in  the  reference  inter¬ 
ferometer. 

The  required  spectral  range  was  covered  in  two 
channels,  which  allowed  selection  of  the  optimum 
detector  type  for  each  region.  In  addition,  the 
sharing  of  the  interferogram  dynamic  range  burden 
by  two  channels  resulted  in  improved  data  quality. 

Optimizing  the  design  goals  and  constraints  led  to 
the  operating  characteristics  listed  in  Table  24-1. 
Figure  24-1  is  a  photograph  of  an  actual  flight  unit. 


24-3  INSTRUMENT  DESCRIPTION 

The  Michelson  interferometer  provides  spectral 
coverage  from  0-S6  to  5.3  p  by  incorporating  two 
infrared  detectors  behind  a  single  interferometer. 

A  dichroic  thin-film  at  the  exit  of  the  interferometer 
directs  the  energy  to  the  appropriate  detector.  Each 
detector  is  coupled  to  an  independent  signal-pro¬ 
cessing  channel. 


Table  24-1.  Michelson  Interferometer-Spectrometer  Opera¬ 
tional  Specifications 


A.  Scientific  Properties 

Channel  1 

Channel  2 

Spectral  Regions,  p 

1. 1-5.3 

0.S6-1.1 

Sensitivity 

(NESR),  W/cm2  srM 

5X10-6 

5X10-0 

@4  p 

©  1  p 

Detectors 

PbSc 

Si 

(-50°  C) 

In-flight  Wave- 

length  Calibra- 

tion  Line: 

He 

Wavelength  p 

None 

1.083 

Reference  Line 

8521  A  Anron 

Optical  Retarda- 

tion,  p 

870 

Dynamic  Range 

10“ 

Spectral  Resolution 

20  cm-1 

Wavenumber 

Accuracy 

10  cm-1 

B.  Mechanical 

Properties 

Instrument  Tvpe 

Fringe  referenced  double 

cube 

Drive  System 

Electromagnetic,  servo 

controlled 

Scan  Rate 

10  scans/scc 

Dutv  C’vcle 

80% 

Mirror  Diameter 

11  mm 

Field  of  view 

35°  (I’bSc  instrument) 

(conical) 

4 


I 


» 
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The  movable  mirror  was  continuously  scanned  to 
a  maximum  path  difference  of  870  p  at  a  repetition 
rate  of  10  scans  per  sec  Continuous  scanning  resulted 
in  a  direct  coding  of  wavenumber  in  terms  of  electrical 
frequency,  which  facilitated  analog  telemetry.  The 
minimum  frequency  of  about  1  kHz  was  above  major 
source  fluctuation  frequencies,  thus  eliminating  excess 
noise  from  the  spectra.  This  is  the  technique  first  used 
by  Mertz0  to  eliminate  atmospheric  scintillation 
effects  in  astronomical  spectra.  The  frequency  range 
listed  in  Table  24-1  includes  excess  bandwidth  to 
accommodate  random  frequency  perturbations  caused 
by  vibration. 

24-3.1  Optical  System 

The  optical  system  is  shown  in  Figure  24-2.  It 
consists  essentially  of  two  interferometer  cubes  whose 
moving  mirrors  are  interconnected  by  a  rigid  shaft. 

To  achieve  20-cm-1  resolution  at  the  short  wave¬ 
lengths,  energy  from  the  35°  field  is  collimated  to 
1.5°  by  lenses  Ll  and  L2  before  it  enters  the  signal 
interferometer.  The  modulated  output  beam  is  re¬ 
converged  by  lens  L3  and  directed  by  a  dichroic 
beamsplitter  to  the  silicon  and  lead  selenide  detectors 
through  fast  lenses  L4  and  L5,  which  focus  the  beams 
on  the  smallest  possible  detectors. 

The  silicon  diode  on  the  signal  interferometer 
provides  the  instrument  response  between  O.Sti  and 
1.1  p  and  is  operated  at  ambient  temperature.  From 
1.1  to  5.3  m  the  instrument  response  is  provided  by  the 
PbSe  detector  cooled  to  —50°  C.  For  this  purpose  a 
four-stage  thermoelectric  cooler  is  used  to  provide  a 
95°  C  temperature  differential  between  the  detector 
and  the  cooler  base.  A  thermistor  mounted  on  the 
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C.  Electrical  Properties 

Number  of  Gain 
States  per 
Channel 

Gain  State 
Indication 
Telemetry 

Dynamic  Ranr 
Signal  Bandwidt 
(Channel  1) 

Signal  Bandwidth 
(Channel  2) 

Signal  Bandwidth 
(Reference) 

Signal  Output 
Maximum  Output 
Limits 

Output  Impedance 
Supply  Voltage 
Average  Power 
Consumption 

8 

Equal  Voltage  Steps, 

0-5  Vdc 

40  dB 

1220  Hz  to  9000  Hz 

6100  Hz  to  14,350  Hz 

22,000  Hz  to  28,700  Hz 

0  to  +5  V 

-0.6  V,  +6.0  V 
3000,  1500  pF 

27.5  ±1  Vdc 

60  W 

D.  Physical  Characteristics 

Environmental  Specification 

Temperature  Range  —25  to  +55°  C 

Expected  Operating  Tem¬ 
perature  Ranges: 

Instrument  Ambient  +5  to  +40°  C 

PbSe  Detector  —50°  C 

Vibration  Level  11.6  g  rms,  0  to  2000  Hz 

meters:  0.127  HX0.264  W 
External  (window  end)  X 0.422  L 

Dimensions!  inches:  5.0  HX  10.4  W 

(window  end)  X  16.62  L 

Maximum  Weight  17  kg  »  37  lb 

Figure  24-2.  Schematic  iXagram  of  the  Optical  S.vwcro 
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top  stage  of  the  cooler  provides  feedback  to  a  pro¬ 
portional  temperature  controller,  which  controls  the 
detector  temjjerature  to  ±1°C.  It  was  found  that 
some  lead  selenide  detectors  exhibited  significant  non¬ 
linearity  at  high  signal  levels,  but  individual  selection 
of  detectors  reduced  this  effect.  In  order  to  prevent 
spectral  aliasing,  an  S520  A  long  wave-pass  nter  was 
placed  over  the  silicon  detector. 

The  interferograms  were  chirped  by  0.375  cm  of 
Irtran  5  comjionsnted  by  0.602  cm  of  CaF2.  A  dis¬ 
cussion  of  chirping  and  compensation  requirements  is 
given  by  Mertz.6 

Inflight  calibration  of  the  instrument  is  provided 
only  on  the  short-wavelength  channel.  A  helium 
discharge  lamp  is  mounted  near  the  entrance  aperture 
of  the  instrument.  The  calibration  lamp  is  always  on, 
so  that  it  produces  a  continuous  calibration.  Energy 
from  the  1.0S3-/1  He  line  is  passed  through  a  narrow- 
bandpass  interference  filter.  The  radiation  is  intro¬ 
duced  into  the  signal  interferometer  in  sufficient 
intensity  to  produce  a  calibration  line  with  a  100:1 
signal-to-noisc  ratio  when  the  automatic  attenuator 
is  in  the  highest  gain  state.  As  the  attenuator  reduces 
the  channel  gain,  the  signal-to-noise  ratio  of  the 
calibration  line  is  proportionally  reduced  until  the 
line  is  eventually  obliterated  by  the  received  spectra. 

The  position  of  the  moving  mirror  is  controlled  by 
a  mechanically  slaved  second  interferometer  cube. 
The  reference  interferometer  continuously  monitors 
the  position  of  the  moving  mirror. 

The  purpose  of  the  servomechanism  is  to  maintain 
the  scan  linearity  within  tolerance  while  the  instru¬ 
ment  is  subjected  to  the  vibrations  and  accelerations 
of  the  space  vehicle.  The  servomechanism  also  corrects 
the  thermal  dependency  of  the  transducer.  The  error 
signal  for  the  servo  is  produced  by  the  reference 
interferometer.  The  moveable  mirrors  of  both  signal 
and  reference  interferometers  are  driven  bv  the 
common  transducer.  With  its  silicon  detector,  the 
reference  interferometer  views  a  Mg-Ar  hollow 
cathode  lamp  filtered  to  pass  only  the  S.VJ1-A  line. 
The  reference  interferogram  is  virtually  sinusoidal. 
Its  frequency  is  proportional  to  mirror  velocity. 
Comparison  of  this  frequency  to  a  set  frequency 
yields  the  error  signal  for  the  servo.  In  order  to 
indicate  the  beginning  of  each  scan,  a  1'hS  detector  in 
the  reference  cube  ohserves  a  white-light  fringe  from 
an  incandescent  lamp.  The  u*e  of  a  separate  inter¬ 
ferometer  for  inis  purpose  facilitates  beamsplitter 
optimisation,  awl  eliminates  the  possibility  of  scat¬ 
tered  tight  from  the  reference  source*  entering  the 
signal  beam.  The  separate  interferometer  also  pre¬ 
vents  crowding  of  components  around  the  main  inter¬ 
ferometer. 

24-3.2  0riv«  SyUcm 

The  moving  mirror  is  driven  by  an  electromagnetic 
transducer  working  against  springs.  In  the  absence 
of  external  acceleration  and  vibration,  a  constant 
velocity  I-  obtained  bv  varying  the  drive  current 
linearly  with  time  Velocity  variations  produce 
frequence  modulation  of  both  the  data  and  rrirrrnec 


interferograms.  Whereas  small  amounts  of  FM  are 
correctable  by  fringe-reference  sampling,  large 
amounts  are  not,  because  the  reference  interferogram 
might  lie  outside  the  data-link  frequency  bandpass. 

The  susceptibility  of  the  transducer  to  vibration  is 
essentially  governed  by  the  available  drive  power. 
For  the  vibration  levels  anticipated,  a  transducer 
designed  for  full  available  power  would  suffer  large 
velocity  errors,  large  enough  in  fact  to  reverse  the 
motion  in  midsweep.  Figure  24-3  shows  velocity 


Figure  24-3.  Velocity  Frwr  a*  a  Funrtiwt  of 
VibrmtHM  Frequency  for  the  Design  Vibration  bevel 

error  as  a  function  of  vibration  frequency  for  the 
design  vibration  level.  Curve  A  represents  the 
performance  of  the  transducer  alone.  The  successive 
curves  show  the  cumulative  effect  of  the  velocity 
stabilization  measure#  applied  Curve  H  shows  the 
improvement  due  to  shock  mounting  the  interferom¬ 
eter.  large  reductions  in  velocity  error  occur  for 
vibration  frequencies  above  the  resonant  frequency 
of  the  shock  mounts.  The  minimum  shock  mount 
resonant  .. -quency  was  governed  by  the  requirement 
that  the  mounts  should  not  bottom  under  the  specified 
dr  acceleration.  Curve  C  shows  the  effect  of  modifying 
the  driving  waveform  according  to  the  output  of  an 
accelerometer,  mounted  parallel  to  the  transducer 
axis,  which  sense*  the  vibration  transmitted  through 
the  shock  mounts.  Curve  I)  is  the  result  oi  a  r|o»ed- 
ioop  servo  mntroll  ig  the  mirror  motion.  The  error 
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signal  is  derived  by  subtracting  the  frequency  of  the 
monochromatic  reference  interferogram  from  a  fixed 
electrical  refen  ace.  The  closed-loop  compensation 
includes  velocity  feedback  for  increased  damping, 
position  feedback  for  increased  resonant  frequency, 
and  integral  of  position  feedback  for  added  attenua¬ 
tion  of  vibration  effects.  The  resulting  velocity  is 
sufficiently  uniform  to  allow  fringe- referenced  digitiza¬ 
tion  with  the  received  data;  however,  it  is  not  suf¬ 
ficiently  linear  to  permit  digital  sampling  of  the  data 
interferogram  on  a  constant  time  base.  Therefore, 
in  addition  to  providing  ar  error  signal  to  the  servo¬ 
mechanism,  the  reference  interferogram  is  also  used 
for  digitizing  the  data  interferogram. 

24-3.3  Electronics 

Functionally,  the  electronics  in  the  interferometer 
can  be  divided  into  tl.e  following  areas:  transducer 
driver  circuitry,  reference  signal  circuits,  and  signal 
processing  circuitry.  A  block  diagram  is  shown  in 
Figure  24-4. 

The  transducer  consists  of  two  coils,  rigidly  coupled 
to  a  drive  shaft  that  moves  in  a  magnetic  field  derived 
from  a  permanent  magnet.  The  drive  shaft  and  coil 
assembly  are  suspended  in  the  magnetic  field  by  means 
of  two  flat  springs.  In  principle  the  coils  are  driven 
by  a  sawtooth  wavef  -m  centered  around  0  V,  thus 
sweeping  the  mirro  .  i  constant  velocity.  The  sweep 
generator  consists  an  operational  amplifier  con¬ 
nected  in  an  integrator  configuration.  A  small  current 
fed  to  the  input  of  the  amplifier  causes  its  output 
voltage  to  rise  at  a  unifo.  m  rate.  A  comparator  senses 
the  output  voltage  level.  As  soon  as  the  ramp  voltage 
reaches  a  predetermined  value  a  monostable  circuit  is 
triggered,  which  resets  the  integrator  to  zero,  terminat¬ 
ing  the  scan.  The  sweep  generator  output  is  summed 
with  servo  error  signals,  amplified,  and  presented  to 
the  coils  of  the  transducer. 

The  error  signals  are  derived  from  the  mono¬ 
chromatic  interferogram  from  the  reference  inter¬ 
ferometer.  After  appropriate  amplification  and 
automatic  gain  control,  this  sinusoidal  signal  is 
presented  to  a  frcquency-to-voltage  converter.  The 
output  of  the  frequencv-to-voltago  converter  is  first 
smoothed  and  amplified,  and  then  compared  to  a  fixed 
voltage.  The  difference  voltage,  if  any,  is  a  measure 
of  the  deviation  of  the  mirror  velocity  from  the 
desired  mirror  speed.  This  signal,  appropriately 
scaled,  is  one  of  the  error  signals  added  in  the  summing 
amplifier.  Since  the  transducer-interferometer  com¬ 
bination  has  a  complex  transfer  characteristic, 
additional  compensation  is  necessary.  This  takes  the 
form  of  two  integrators  in  series,  the  output  of  each 
are  applied  to  the  summing  amplifier  as  error  signals. 

The  sine-wave  interferogram  generated  by  the 
reference  interferometer  is  also  used  for  sampling.  It 
is  frequency-doubled  and  added  to  the  signal  inter¬ 
ferometer  outputs  to  assure  that  interferogram  and 
reference  are  identically  signal-p:  ..cessed.  The  refer¬ 
ence  is  separated  by  filtering  on  the  ground  and  is  used 
to  command  the  digitizing  of  the  signal  interferogram. 
This  fringe-referenced  digitizing  occurs  at  each 


positive-going  zero  crossing  of  the  reference  signal, 
allowing  the  shortest  wavelength  component  of  the 
interferogram  to  be  8o21  A  for  no  aliasing. 

The  two  signal  channels  are  identical,  with  the 
exception  of  the  preamplifiers.  Channel  1  uses  a 
thermoelectrically  cooled  PbSe  detector.  Near  the 
detector  are  two  thermistors.  One  is  used  to  control 
the  detector  temperature  via  a  series  regulator 
preceding  the  converter  that  powered  the  thermo¬ 
electric  cooler.  The  other  is  used  to  telemeter  the 
detector  temperature.  Channel  2  has  an  ambient 
temperature  silicon  diode  detector. 

24-3.4  Dynamic  Range 

Both  detectors  are  biased  from  variable  power 
supplies.  The  bias  is  adjusted  in  accordance  with  the 
amount  of  source  radiation.  This  feature  is  required 
to  span  the  large  dynamic  range.  The  signal  channels 
consist  of  four  amplifiers  in  series.  Each  of  these 
amplifiers  can  be  switched  in  gain.  In  parallel  with 
the  normal  high  gain  feedback  resistor  is  a  switchable 
lower  gain  feedback  resistor.  The  switching  is  ac¬ 
complished  by  turning  on  a  field  effect  transistor  in 
series  with  the  low-gain  feedback  resistor. 

To  provide  the  106  operating  dynamic  range  of  the 
flight  interferometer,  eight  levels  of  automatic  gain 
changing  are  required  (using  an  automatic  attenuator) 
to  keep  the  signal  levels  within  the  available  telemetry 
range  of  0  to  5  volts.  Gain  is  changed  between  inter- 
ferograms  by  factors  of  3.8,  depending  on  whether  the 
previous  interferogram  exceeds  a  maximum  or  mini¬ 
mum  threshold  value.  The  maximum  value  of  each 
interferogram  is  compared  with  preset  switch-down 
and  switch-up  levels.  If  either  level  is  reached,  the 
automatic  attenuator  will  switch  one  step  in  the 
appropriate  direction  before  the  next  scan  begins. 
Seven  scans  are  required  for  the  attenuator  to  traverse 
its  full  range  because,  on  any  one  scan,  only  too-high, 
correct-gain,  and  too-low  information  are  available. 
For  increasing  source  intensities  the  detector  noise  is 
soon  reduced  below  the  telemetry  noise,  thereby 
producing  a  signal-to-noise  ratio  dependent  only  on 
telemetry  noise  and  the  interferogram  voltage.  An 
increase  in  source  intensity  would  produce  a  corre¬ 
sponding  increase  in  the  final  spectrum  signal-to-noise 
ratio  up  to  the  point  where  an  additional  attenuation 
step  is  switched  into  the  circuit. 

24-4  CHIRPING 

In  many  interferometric  systems,  the  noise  appear¬ 
ing  in  the  final  data  depends  mainly  on  the  limitation 
of  dynamic  range  of  the  instrumentation  and  data 
processing  system  used.  Because  each  wavelength  has 
zero  phase  shift  at  the  same  point,  in  a  conventional 
interferometer  almost  all  interferograms  have  large 
central  fringes.  Therefore,  because  of  a  lack  of 
sufficient  dynamic  range  in  the  telemetry  and  record¬ 
ing  system,  it  is  often  difficult  to  provide  acceptable 
signal-to-noise  ratios  that  cover  the  rang*'  required 
for  subsequent  Fourier  transform  processing  of  the 
interferogram. 

It  is  possible,  however,  to  modify  the  signal  inter- 
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ferogram  such  that  each  wavelength  has  its  own  center, 
thus  avoiding  the  large  ce-  al  fringes  that  normally 
occur.  This  distribution  of  wavelength  centers  is 
accomplished  by  placing  a  flat  optical  element  into 
each  beam  before  the  point  of  beam  recombination, 
thereby  shifting  the  position  of  zero-order  interference. 
If  one  of  the  plates  has  dispersion  in  the  group 
velocity  refractive  index,  then  each  wavelength  will 
have  its  center  shifted  by  a  different  amount  and  the 
interferogram  is  said  to  be  “chirped”.6  There  is  no 
single  path  difference  at  which  ail  wavelengths  add 
in-phase  to  produce  a  large-amplitude  white-light 
fringe.  The  white-light  fringe  is  essentially  dispersed 
over  a  portion  of  the  interferogram.  Since  oniy  phase 
is  involved,  the  interferogram  power  is  unaltered. 

Figure  24-5  shows  the  dispersion  in  white-light 
fringe  location  for  two  possible  chirping  configurations. 
Although  Irtran  4  produces  the  greater  average  dis¬ 
persion,  the  Irtran  5  configuration  is  used  since  it 
produces  maximum  dispersion  near  the  peak  response 
of  the  PbSe  detector.  As  can  be  seen,  the  white-light 
fringe  for  the  first  2000  wavenumbers  is  spread  over 
500  m  of  path  difference.  The  frequencies  above 
10,000  cm-1  overlap  the  low  frequencies  somewhat, 
but  these  are  received  by  the  silicon  detector  and 
telemetered  separately.  Figure  24-6  shows  a  typical 
laboratory  interferogram  and  its  corresponding  spec¬ 
trum.  As  expected,  the  low  frequencies  are  spread 
over  a  wide  range,  and  the  high  frequencies  begin  to 
converge  toward  a  single  point.  On  subsequent 


Figure  24-5.  Dispersion  in  White-Light  Fringe  Location  for 
Two  Possible  Chirping  Configurations 


reduction  of  the  interferogram  to  an  optical  spectrum, 
the  shifting  of  the  center  with  respect  to  wavelength 
can  be  ignored,  as  long  as  no  power  is  lost  in  clipping 
the  wings.  When  power  is  clipped,  a  wavelength- 
dependent  apodization  function  is  required. 


Figure  24-6.  Typical  Interferogram  nnd  Corresponding  Spectrum 
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24-5  TESTS  AND  CALIBRATIONS 

The  test  procedures  used  for  the  Michelson  inter¬ 
ferometer  were  designed  to  verify  the  ability  of  the 
various  instruments  to  perform  within  design  toler¬ 
ances  and  specifications.  The  instrument  is  thoroughly 
tested  environmentally. 

The  calibrations  obtained  quantitative  information 
essential  to  subsequent  data  reduction  and  analysis. 
The  calibration  procedures  utilized  for  the  flight- 
model  interferometer  are  in  many  cases  similar  to  the 
procedures  used  for  conventional  grating  spectrom¬ 
eters.  The  instruments  were  calibrated  for  the  effects 
of  field-of-view,  wavelength  accuracy,  wavenumber 
resolution,  instrument  sensitivity,  responsivity,  and 


Figure  24-7.  PbSe  Channel  Spectral  Responsivity 


Figure  24-8,  Si  Channel  Spectra!  Responsivity 


related  effects.  All  ca.  orations  were  performed 
independently  by  two  laboratories  (Block  Engineering 
and  TRW  Systems)  to  ensure  validity  of  the  calibra¬ 
tion  results. 

24-5.1  Responsivity 

Absolute  spectral  responsivity  and  sensitivity  is 
achieved  through  the  use  of  quartz-iodine  irradi&nce 
standards  and  blackbody  sources,  in  much  the  same 
way  as  for  conventional  spectroscopic  instruments. 
One  difference  is  the  fact  that  spectral  averaging  of 
many  scans  is  supplanted  by  co-adding  of  many  inter- 
ferograms.  Such  co-adding  must  be  done  coherently, 
or  else  a  seeming  reduction  in  responsivity  will  occur. 

Typical  values  of  spectral  response  of  the  instru¬ 
ment  are  shown  in  Figure  24-7  for  the  PbSe  channel 
and  in  Figure  24-8  for  the  Si  channel.  Figures  24-9 
and  24-10  show  the  relative  response  of  the  instrument 
in  each  of  the  eight  gain-states  for  the  PbSe  channel 
and  the  Si  channel. 


Figure  24-9.  PbSe  Channel  Absolute  Responsivity 


Figure  24-30.  Si  Channel  Absolute  Responsivity 


24-5.2  Field-of-View  Colibrafion 

By  using  a  spectrally  narrow  light  source  collimated 
by  a  long  mirror,  the  entrance  aperture  of  the  inter¬ 
ferometer  is  uniformly  filled  by  a  beam  of  less  than 
±1 /2-degree  divergence.  The  instrument,  during 
calibration,  is  mounted  on  a  two-axis  rotary  table 
with  its  entrance  aperture  at  the  center  of  rotation  of 
‘^e  table.  The  interferometer  output  is  recorded 
‘inuously  as  it  is  rotated  in  angular  position  in 


4 


V 


4 


251 


«r 


▼ 


the  horizontal  and  vertical  planes,  covering  ±90°  in 
each  axial  direction.  By  “rolling”  the  instrument  45° 
about  its  optical  axis  a  second  set  of  two  scans  is 
recorded.  Reduction  of  the  resultant  interferograms 
provides  information  from  which  an  eight-point  polar 
plot  of  the  responsivity  is  plotted.  Equal  response 
contours  are  plotted  for  several  wavelengths  at  90, 
75,  50,  25,  10,  and  1  percent  of  peak  responsivity. 
The  scan  of  ±90°  on  each  axis  assures  that  no 
spurious  sidelobes  or  irregularities,  within  the  103 
dynamic  range  per  scan,  exist  in  the  field  of  view. 
Figure  24-1 1  shows  a  typical  field-of-view  map  for  the 
PbSe  channel. 


0.0304 


Figure  24-11.  Typical  Field-of-View  Contours 


24-5.3  Wavelength  Calibration  and  Resolution 

The  wavelength  calibration  is  performed  with  a 
source  producing  lines  of  well-known  wavelengths. 
The  instrument  is  calibrated  against  three  or  four 
spectral  lines  over  its  wavelength  range.  The  resolu¬ 
tion  is  also  measured  at  several  different  positions 
within  the  field-of-view  of  the  instrument. 

24-5.4  Calibration  Errors 

The  responsivity  determined  in  calibration  has  a 
certain  fractional  uncertainty  A R/R,  which  is  ac¬ 
cumulated  from  many  sources.  The  calibration  for 
the  lead  selenide  channel  was  obtained  using  a  black- 
body  source,  so  the  responsivity  is 


transmission,  K =  constant  factors,  T-  temperature, 
d= distance  of  blackbody  from  instrument  aperture, 
and  A,  =  area  subtended  by  blackbody  source. 
The  mean-squared  error  is  therefore, 


X((:TAw]2-F[«A7f).  (24-2) 


Despite  the  complexity  of  Eq.  (24-2),  it  reduces 
rapidly  to  a  few  terms,  since  errors  in  p,  A,,  and  w  are 
negligible,  and  errors  in  r  and  T  can  be  ignored 
compared  with  errors  in  M  and  d.  The  error  in  d  is 
4  percent,  because  the  blackbody  source  is  placed  very 
close  to  the  window;  the  position  of  the  interferometer 
relative  to  the  window  is  very  difficult  to  measure 
accurately  in  the  large  vehicle,  and  so  the  distance  d 
contains  an  uncertainty  of  4  mm ;  and  the  smallness 
of  d  inflates  the  percent  error  in  measuring  d.  Thus, 
2  Ad/d  =  8  percent. 

The  error  in  maximum  spectral  amplitude  M 
amounts  to  about  11  percent,  owning  chiefly  to  the 
digitizing  and  calculating  process  for  calibration  data. 
It  must  be  remembered  that  the  signal  originating  at 
the  interferometer  passes  through  the  data  reduction 
system  in  a  complete  calibration  which  simulates 
the  flight  configuration.  The  instrument  output  is  the 
superposition  of  the  data  interferogram  with  the 
reference  square  wave,  which  is  played  back  through 
assorted  filters  and  digitized.  Further  explanation  of 
this  error  source  is  given  in  Chapter  25. 

For  the  net  error  in  responsivity, 


(t (2W) 


R(  «)  = 


Mp(u)r  [exp  l~j - 1  j 


Ku* 


d2_ 

A, 


(24-1, 


which  gives  A/?/f?«14  to  15  percent  as  the  statistical 
accuracy  of  calibration. 

The  calibration  of  the  silicon  channel  is  slightly 
more  accurate.  For  an  Kppley  quartz-iodine  standard 
lamp  of  spectral  irradiance  t(co), 


where  R  =  responsivity,  in  V/(W/em2-cm-1),  M  - 
maximum  spectral  amplitude  in  V,  p~  fractional 
value  of  maximum  at  w,  w  =  frequency,  t= window 


7i(u>)  = 


NMprK  rf2 
«(«)  *4» 
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where  tlie  symbols  have  the  same  meanings  given 
above,  and  ,V  represents  the  attenuation  of  a  neutral- 
density  filter  used  to  switch  the  interferometer 
between  gain-states  1  and  (i.  The  uncertainty  in  M 
of  11  percent  again  dominates  the  errors.  The  A t/t 
is  .17  percent  at  all  wavelengths;  A),/ p  varies  from  2 
to  (>  percent;  Ac/e  is  about  2.5  percent  throughout. 


Here  the  lamp  is  sufficiently  far  from  the  instrument 
(1  meter)  that  errors  in  d,  as  well  as  in  A„  are  negii- 
ible.  Thus,  Alt/ It  ==  12  percent  for  the  silicon  ch  nnel. 

Table  24-2A  shows  the  error  contributions  to  A R/ It 
for  the  lead  selenide  cell;  Table  24-2B  shows  the  error 
contributions  for  the  silicon  cell. 


Table  24-2.  Calibration  Responsivity  Error  Analysis 


A.  Lead-Selenide  Interferometer  Channel 


w,  cm  1 

A  M/M 

2  Ad/d 

A  p/p 

A  A,/ A, 

A  t/t 

Au/u 

[*]  •  T  A  a. 

[*]  •  w  AT 

AR/R 

2400 

±11% 

±8% 

±0.4% 

±1.6% 

±1.3% 

±0.6  % 

±0.5% 

±1.5% 

±14% 

4000 

±11% 

±8% 

±0.5% 

±1.8% 

±1.9% 

±0.4% 

±0.5%- 

±2.3% 

±14% 

7000 

±11% 

±8% 

±3.2% 

±1.6% 

±2.8% 

±0.2% 

±0.5% 

±4.0% 

±15% 

[*]  =  - 


1.4388  exp 


^1.4388  to^ 


exp 


(»)-/ 


B.  Silicon  Interferometer  Channel 

oj,  cm  1 

A  M/M 

AN/I! 

A  p/p 

A  t/t 

Ae/e 

AR/R 

9500 

10500 

11500 

±11% 

±11% 

±11% 

±2% 

±2% 

±2% 

±5.6  % 
±2.2% 
±3.8% 

±3.6% 

±3.7% 

±3.7% 

±2.8% 

±2.6% 

±2.4% 

±13% 

±12% 

±12% 

24-5.5  Pre-flight  Calibration 

To  verify  that  the  instrument  is  in  top  working 
condition  and  has  not  been  damaged  during  shipment, 
functional  and  detailed  tests  are  performed  as  close  to 
launch  time  as  possible.  These  tests  essentially  dupli¬ 
cate  the  original  laboratory  calibration.  In  addition, 
a  small  field  source  on  a  mount  is  used.  It  has  pro¬ 
visions  for  alignment  with  the  optical  axis  of  the 
instrument  in  the  vehicle,  and  for  variation  of  azimuth 
and  elevation  coordinates. 

24-6  DATA  LINK  AND  RECORDER  INTERFACE 

The  scan  rate  of  10  scans/sec  and  the  20-cm-1 
resolution  for  the  Michelson  interferometer  precluded 
the  use  of  a  standard  telemetry  channel.  Instead,  it 
was  necessary  to  use  a  specially  designed  X-band 
data-link  system  with  four  information  channels  to 
accommodate  individually-modulated  carriers.  These 
channels  art*  frequency-multiplexed  across  a  band¬ 


width  of  200  MHz  centered  near  8  GHz.  The  inter¬ 
ferometer  transmits  data  over  analog  data  channels 
with  100-kHz  bandwidth  for  each  of  the  two  detectors. 
The  data  received  is  recorded  in  real  time  and  played 
back  later  in  data  processing.  Chapter  25  contains  a 
more  detailed  discussion  of  this  system. 

24-7  CONCLUSIONS 

The  flight  performance  of  the  instrument  essentially 
matched  the  specifications  given  in  Table  24-1.  The 
flight  experiments  were  successful.  Typical  examples 
of  the  interferograms  received,  and  reduced  spectra 
are  shown  in  Figure  24-12  for  the  PbSe  channel  and 
in  Figure  24-13  for  the  Si  channel.  Co-adding  of 
interferograms  has  produced  signal-to-noise  ration 
significantly  improved  from  the  individual-spectra 
values. 

The  Michelson  interferometer-spectrometer  has 
been  utilized  successfully  as  a  primary  infrared  sensor 


253 


* 


W 


♦ 


♦ 


for  space-vehicle  applications.  It  has  been  shown  that 
the  Michelson  interferometer  can  be  made  sufficiently 
rugged  to  provide  high-quality  spectral  data  despite  a 
hostile  acceleration,  vibration,  thermal,  and  vacuum 
environment. 
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Figure  24-13.  Typical  Flight  Intcrfcrogram  for  Si  Channel 
with  Corresponding  Spectrum 


Figure  24-12.  Typical  Flight  Interferogram  for  PbSe 
Channel  with  Corresponding  Spectrum 
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Q.  (D.  P.  Cruikshank,  University  of  Arizona): 
What  are  you  trying  to  observe  with  this  instrument? 

A.  (Thomas  P.  Sheahen):  Radiation  from  air 
species  as  the  vehicle  entered  the  atmosphere.  The 
vehicle  heated  the  air  as  it  entered,  thereby  causing 
emission  from  C02,  NO,  etc. 

Q.  (Douglas  McNutt,  U.S.  Naval  Research  Lab¬ 
oratory):  How  fast  are  your  gain-switching  amplifiers 
and  is  it  feasible  to  switch  gain  during  the  recording 
of  an  interferogram? 

A.  (Thomas  P.  Sheahen):  No.  Gain  will  switch 
one  step  after  any  scan.  It  will  not  switch  during  an 
interferogram  (there  is  a  0.02  dead  time  in  between). 
Thus,  it  takes  7  scans  (0.7  see)  to  cover  the  full  range 
of  gain  states, 

Q.  (Robert  J.  Chambers,  University  of  California, 
Berkeley):  What  beamsplitter  did  you  use  for  this 
rather  wide  spectral  range  instrument? 

A.  (Thomas  P.  Sheahen):  Iron  oxide.  It  wasn’t 
the  best,  but  it  would  go  down  to  8520  A  or  lower, 
and  wouldn’t  break. 
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Discussion 


Q.  (Paul  L.  Richards,  University  of  California): 
Is  your  method  of  chirping  different  in  principle  from 
the  technique  of  inserting  dispersive  samples  into  one 
arm  of  an  interferometer  described  earlier  by  E.  Bell? 

A.  (T.  Sheahen):  Actually,  I  don’t  really  know 
what  Bell  uses.  Larry  Mertz  can  answer  this  best. 

Comment.  (P.  Richards):  I  believe  that  they  are 
the  same  except  for  the  use  of  a  field  compensation 
plate. 

Comment.  (L.  Mertz,  Smithsonian  Astrophysical 
Observatory):  Other  exceptions  are  the  motive  and 
the  degree  of  chirping.  The  chirping  plates  are  not  the 
samples  being  measured  in  the  BTL  experiment. 

Q.  What  kind  of  vehicles  were  these  interferometers 
flown  on? 

A.  (T.  Sheahen) :  A  specially  instrumented  vehicle 
of  about  1  m  diameter  carrying  typically  10  different 
instruments  and  their  telemetry,  all  designed  to  collect 
data  below  100  km. 
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Abstract 


Interferometer  measurements  were  telemetered  to  ground  over  an  X-band  data 
link.  The  reference  interferogram  determined  the  digitizing  points  on  the  data 
interferogram.  Coadding  of  interferograms  and  phase-correction  suppressed  noise 
very  effectively  and  enabled  easy  identification  of  important  spectral  features. 


25-1  INTRODUCTION 

In  Chapter  24  (Michelson  Interferometer-Spec¬ 
trometer  for  On-Board  Space  Vehicle  Measurements, 
by  Hohnstreiter,  Howell,  and  Sheahen),  we  described 
the  instrument  itself,  from  the  design  criteria  through 
the  optical  system  to  the  calibration  and  testing 
procedures.  In  this  chapter  we  discuss  the  data  trans¬ 
mission  and  processing,  and  the  results  of  flight 
experiments. 


The  instrument  output  signal  is  first  modulated 
onto  a  carrier  signal,  then  further  modulated  onto  a 
higher  transmission  frequency  and  telemetered  to 
ground.  Although  the  data  link  has  a  basic  signal-to- 
noise  ratio  of  only  30  dll.  electronic  and  processing 
techniques  result  in  spectra  of  51'r-dB  quality.  The 
receiving  station  demodulates  and  tape-records  the 
signals  in  real  time.  During  later  playback,  the  series 
of  interferograms  are  digitized  and  prepared  for  com¬ 
puter  handling.  After  a  fast  Fourier  transform,  the 


256 


resulting  spectra  are  phase-corrected,  plotted,  and 
analyzed.  By  coadding  interferograms  it  is  possible 
to  recover  many  spectral  features  lost  in  the  noise  of 
a  single  scan. 

25-2  THE  DATA  LINK 

Optical  signals  received  by  the  interferometer  are 
converted  to  output  voltages  between  zero  and  5  V. 
Figure  25-1  shows  how  these  signals  are  then  handled. 


CHANNEL 

2 


CHANNEL 

3 


CHANNEL 

4 


Figure  25-1.  On-hoard  Data  Link  Components 


The  output  of  each  detector  feeds  one  subchannel  of 
an  analog  baseband  assembly  (ABA),  which  is  the 
first  link  in  the  telemetry  chain.  This  assembly  con¬ 
sists  of  a  frequency  synthesizer  that  generates  15 
stibt.irriers,  15  double-sideband  amplitude  modu¬ 
lators,  and  a  summing  amplifier  system  that  multi¬ 
plexes  the  resulting  la  subchannels  into  a  4-MHz 
bandwidth. 

Although  many  instruments  feed  data  to  this 
assembly,  the  interferometer  occupies  two  subchan¬ 
nels,  each  100  k I  Iz  wide  at  baseband  and  centered  at 
853.2  and  1312.5  kHz.  The  long-wavelength  lead 
selenide  detector  drives  one  of  these;  the  shori- 
wavelength  silicon  detector  uses  the  other.  Both 
output  signals  contain  the  reference  signal  su|*er|K)sed 
on  the  data  interferogram. 

In  addition  to  the  detector  outputs,  a  variety  of 
diagnostic  measurements  are  also  telemetered  to 
ground,  l  hi'  interferometer  outputs  these  measure¬ 
ments  continuously,  but  because  these  measurements 
change  slowly  they  are  sampled  only  about  10  times  a 
second  (roughly  once  |M>r  scan)  by  a  pulse-code  ntiHlu- 
lation  (1VM)  system  known  as  the  digital  data  link 
assembly  (DIM. A).  This  device  is  parallel  in  function 
to  the  analog  baseband  assembly;  it  digitizes  the 


voltages  from  the  interferometer,  multiplexes  their 
signals  (along  with  comparable  signals  from  other 
instruments  also  in  the  package),  and  outputs  a  stream 
of  10“  bits/sec. 

Both  the  analog  baseband  assembly  and  the  PCM 
system  feed  FM  exciters,  and  two  other  4-MHz  videi 
channels  also  feed  such  exciters.  The  exciter  for  the 
digital  data  uses  freq  ency-shift  keying  (FSK)  to 
represent  l’s  and  0’s  witi.in  a  7-MHz  band  centered  at 
approximately  8  GHz  (X  band) ;  the  other  three  trans¬ 
mit  their  4-HMz  analog  information  by  FM  within 
35-MHz  bands  carried  at  other  freq  lencies,  also  near 
8  GHz.  The  output  of  the  exciter  drives  a  set  of 
traveling-wave  tubes  (TWT  whose  outputs  are  com¬ 
bined  in  a  multicoupler  g  '  fed  to  the  telemetry 
antenna.  The  four  V!emet<  d  bands  thus  comprise 
a  composite  signal  of  approximately  200-MHz  band¬ 
width  centered  a+  approximate!}  8  GHz  for  transmis¬ 
sion  through  the  atmosphere.  Ea  h  of  the  four  i'WTs 
generates  35  W  of  power;  Fit  lo.  ;es  in  the  circuitry 
and  waveguide  preceding  the  antenna  re  uce  the  total 
radiated  power  to  about  50  W.  Ultimately  this  power 
suffices  to  guarantee  viri  tally  no  Tors  in  the  ret  ed 
digital  signals,  and  yields  a  basic  mrrier-to-noise  ratio 
of  27  dB  for  the  X-band  analog  carriers. 

On  the  ground,  the  entire  multiplexing  procedure 
is  inverted.  The  process  is  illustrated  in  Figure  25-2. 
Approximately  10~'°  W  are  r  ceived  by  a  12-m-diam. 
dish  antenna  with  a  waveguide  pickup  at  the  focal 
point.  The  noise  temperature  of  the  sky  plus  antenna 
is  100°  K.  The  received  signal  enters  a  cooled  para¬ 
metric  amplifier,  then  a  low-noise  TWT,  then  another 
TWT  with  automatic  gain  control,  and  then  a  multi¬ 
coupler,  where  the  composite  X-band  signal  is  sepa¬ 
rated  into  its  four  individual  X-band  carriers.  A  set 
of  4  TWTs  follow,  after  which  each  signal  is  limited 
and  demodulated  to  provide  the  4-MHz  video  chan¬ 
nels.  The  effective  operating  temperature  of  the 
system  receiver  is  600°  K.  As  in  any  FM  system, 
the  limiter  effectively  removes  AM  noise  by  clipping 
the  received  signals,  leaving  only  the  comparatively 
clean  frequency  information.  After  demodulation,  the 
27-dB  currier-to-noise  ratio  provides  a  40-dB  siguul-to- 
noise  ratio  in  the  video  channels.  These  signals  feed 
into  video  amplifiers,  and  are  recorded  on  wideband 
tape  recorders. 

Simultaneously,  the  analog  baseband  assembly 
channel  is  fed  into  a  filter-detector,  which  restores  the 
baseband  signals  to  their  o»  iginal  zero  to  5-V  condition 
seen  at  the  instrument  outputs.  Unfortunately,  this 
device  degrades  the  signal-to-noise  ratio  to  .'10  dB  for 
most  of  the  analog  subchannels.  Bedundant.  multiple- 
track  tape  recordings  are  made  of  the  15  subchannels 
to  guard  against  sudden  failures  during  the  time  that 
signals  are  being  received.  Two  pairs  of  these  re¬ 
dundant  tracks  contain  the  analog  data  output  from 
the  interferometer. 

The  digital  signals  are  handled  in  a  simpler  way. 
The  video’  band  of  digital  data  is  recorded  directly 
on  a  1.5-Mliz  bandwidth  recorder,  and  the  diagnostic 
voltages  from  the  interferometer  lie  somewhere  within 
the  bit  stream. 
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Figure  25-2.  Ground  Data  Receiver  System 


All  subsequent  decomposition  of  signals  is  done 
lat'r,  at  reduced  tape-playback  speeds. 

There  is  one  important  difference  between  the 
interferometer  subchannels  and  the  analog  sub¬ 
channels  of  other  instruments:  the  signnl-to-noise 
ra  in  is  40  dB  for  interferometer  data,  instead  of 
.'10  dll  as  for  other  instruments.  This  is  achieved  by 
the  following  two  complementary  techniques. 

First,  filtering  of  the  100-kiiz  band  reduces  noise 
considerably.  The  reference  signal  can  be  separated 
by  one  narrowband  filter  centered  at  25  kHz.  .More¬ 
over,  the  data  interferogram  contains  no  frequency 
higher  than  about  15  kill,  corrcs|>ondiug  to  the  short- 
wavelength  eutofT  of  the  optical  filter  and  the  mirror 
velocity,  so  it  too  can  be  filtered.  Since  there  is 
in  information  above  the  first  I5kllc  of  the  chan¬ 
nel,  nothing  except  noise  is  lost  by  discarding  the 
higher  frequencies,  and  the  signnl-to-noise  ratio  rises 
accordingly. 

Second,  preemphasis  in  the  on-board  analog  base¬ 
band  assembly  gives  extra  power  to  the  interferometer 
subchannels.  Obviously,  all  this  |x>wer  ap|s>ars  in  the 
lowest  '10  kHz.  As  a  result,  after  all  detection,  de¬ 
modulation,  and  filtering,  these  two  subchannels  have 
signal-to-noise  ratios  of  40  dll. 


25-2.1  Effect  of  Chirping 

The  need  for  a  high  signal-to-noise  ratio  was  recog¬ 
nized  early  in  the  design  stages  of  this  ex|s*riment. 
Curve  A  of  Figure  25-.1  shows  a  synthetic  s|>cctrum 
typical  of  the  expected  radiation  Its  Fourier  trans¬ 
form  defines  an  interferogram  bearing  no  noise. 
Curves  11,  C.  1).  ami  K  of  Figure  25-.'!  show  the  suc¬ 
cessive  degradation  of  the  spectrum  resulting  from 
adding  various  levels  of  random  noise  to  the  interfero- 
grnm.  The  rms  noise  level  in  Curve  H  is  0.001  of  the 
peak  signal,  corresjtonding  to  a  |»enk  signal  tiOdll 
above  noise.  A  noise  level  of  O.Otf'l  of  the  |>eak  signal 
(50 dll)  produced  Curve  C;  0.01  (40 dll).  Curve  1); 
and  00:1  (.10  dll).  Curve  K.  Clearly.  00  rill  is  quite 
aeci'ptable.  50  oil  is  marginal.  4tldll  is  unacceptable, 
ami  :  10  dll  is  a  catastrophe. 

Since  a  chirped  interferogram1  has  no  pronounced 
central  |K>ak.  the  ampMier  gain  can  be  set  higher 
without  fear  of  saturating  or  clipping  the  signal.  A 
noise  level  of  0.01  of  this  p*ak  (|>eak  signal  10  dll 
above  the  noise)  is  thus  much  less  harmful.  In 
Figure  25-4.  Curve  A  shows  the  synthetic  interfenr- 
gram  obtained  by  transforming  and  ehirping  ottr 
synthetic  spectrum  and  then  adding  -  40  dll  of  noise. 
Curve  11  is  the  s|icctnim  that  results  from  adding 
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Figure  2.>4.  l'ni-|iir|K‘«l  S|iertra  |(.t  1  synthetic 
s|iectrum  of  rvpt-ftcd  radiation;  (/<)  .s|»-ctrum  ut*- 
tuim-d  by  adding  IMMI  rmi*  noise  (<>  interh  rogram 
from  (.1);  IO  s|*H-trcm  obtained  l»y  .-ttUltnte 
0.004  row  iiuiw  lo  intirfcrogram  from  (.1);  (O) 
K|iertrnm  olilaiinal  ny  adding  (Mil  rm*  inline  to 
intrrierogrnm  from  (.0;  (#i)  stns-trum  obtained  by 
adding  0.04  run  m-isc  to  inlrr  fort  Hiram  from  ( .1 )  J 


0.01  imiM*  UOiIM)  to  tin-  cliir|M*tl  interferogram.  A 
comparison  >ltitu •>  that  thi»  spectrum  lion  lti’t#wn 
Curve*  II  ami  t  of  Figure  2-V-t.  \\Y  haw  nominally 
called  thi-  •>isitial*lo-m>!*«‘  ratio  ."Midli.  Since  the 
arttial  'ignabto-noise  ratio  tv;is  only  40  ill!,  we  credit 
tin-  chirping  process  with  Hi  ill!  of  Rain.  Hut  it  i* 
essential  here  to  avoid  numerology.  the  int|uirtant 
|minl  i'  that  a  10-dll  chirped  intcrlcrogram  i'  just  a> 
Ri»m|  a-  a  .‘tti-<lH  ColiVettl jolt; J  interfeniRnini.  The 
label  'Hi  ill!  Rain'  lor  the  chirping  process  means  that 
the  lower-coiitrasi  fringes  uf  a  (hir|N'd  interferoRrant 
can  tolerate  Hid)!  more  noise  than  an  iinchir|*ed 
iiiterfeniRiain.  with  no  more  deRtadation  oj  spectral 

results 

It  is  b\  no  means  obvious  that  a  dilTerent  spectral 
source  distribution  would  yield  the  same  ’Ram.'  be¬ 
cause  the  reduction  in  dynamic  range  is  a  function  of 
the  spectral  distribution  o!  the  -otircc.  In  fact,  our 
synthesized  protections  were  later  verdict!  In  labora- 
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Figure  25-4.  Effect  of  Chirping  [(.4)  synthetic  interfero¬ 
gram  obtained  by  transforming  and  chirping  synthetic  spectrum 
(A)  of  Figure  25-4,  with  0.01  rms  noise  added  to  interferogram; 
( H )  spectrum  obtained  from  interferogram  25-4(.4)| 


tory  data.  Figures  25-5  and  2.'>-t>  show  laboratory 
spectra  of  a  1200°  C  Rlo-bar  ami  an  oxygen  acetylene 
flame.  I!oth  spectra  are  from  the  Channel  1  lead 
selenide  detector.  For  the  black  body  spectrum,  ehirp- 
ing  reduced  the  interferogram  tlynamic  range  by 
17  til!.  A  reduction  of  only  12  till  was  obtained  with 
the  emission  spectrum. 


Figure  2-V.Y  fjitanratory  Sprrtnini  nf  a  ItlwlUdv  Oblaimd 
With  a  (‘hirj*s|  t.ili-ri, . nnn-lrr 


Figure  '25-6.  laboratory  Spectrum  of  Oxygen  Acetylene 
Flame  Obtained  With  a  Chirped  Interferometer 


For  ottr  purposes,  s|x‘ctr:>.  of  dthdB  quality  [Fig¬ 
ure  J.V4  (fi)]  are  good  enough.  By  chirping,  band- 
limiting.  and  preemphasis  of  the  lower  frequencies  in 
the  analog  teiemetry  channels,  we  can  obtain  such 
spectra  over  a  dO-dB  signal-tu-noi.se  data  link. 

25-3  DIGITAL  SAMPLING 

The  data  tapes  recorded  in  real  time  are  placed 
buck  at  j^th  their  original  s|x>rd  on  a  !:qie  recorder 
with  com|«'nsating  filters.  The  digital  bit  stream  is 
Ut. packed,  sorted.  ami  merged  with  other  useful  data, 
eventually  resulting  in  a  t:q>e  suitable  for  running  on 
a  conventional  computing  facility.  The  analog  data 
follow  a  different  path,  and  the  interferometer  chan¬ 
nels  receive  sjtccjai  treatment- 

I'.aclt  100-kH*  bandwidth  signal  i'  mttpuleil  from  a 
channel  of  the  tajie  playback  recorder  The  -ignal  i« 
fed  into  a  spr-cud  demodulator  that  so|varntr*  the 
reference  mterferograni  from  the  data  mterlerognmi 
The  rolloff  of  tlie««-  Liter  characterisin''  i-  steep,  hoi 
not  steep  enough  to  prevent  till-  reference  signal  from 
mtemusluhtmg  the  data  »igunl.  however,  the  puritx 
of  tl.e  data  mterferograni  i»  restored  m  the  n.-xt  step 

il<e  two  se  parate  signals  are  fed  t>>  different  |s-inis 
tlw  data  i»t-  rferogram  i*er*»  to  f.'.  kli/  j  grH'S  tu  ;i 
conventional  analog-digital  converter,  the  reference 
mterfen»gram  goes  to  a  network  that  »|et<-cl'  the  jsoi- 
five  zero  crossing-  am!  -end'  a  command  t«*  the  Uata 
A  l>  converter  upon  each  such  cro-.-o-g  1  hu'.  the 
data  mterferograni  i*  saniph-d  only  at  those-  mone  o  s 
that  the  reference  'ignal  i-  jen  .  hence,  the  inter- 
modulation  contribution  !'  likewise-  jero.  ami  th--  true 
value  <<f  t h«*  mterferograni  i'  ■•btaiimi 


Despite  the  .servomechanism  that  corrects  the 
mirror  motion,  irregularities  in  the  mirror  drive  and 
tape  recorder  flutter  can  distort  the  data  interfero- 
grant.  The  reference  signal  compensates  for  all  of 
these.  The  digital  representation  of  the  data  inter- 
ferogram  is  uniformly  spaced  in  optical  retardation. 
Normally,  one  scan  is  represented  by  JOTS  jsiints;  if  a 
short  scan  occurs,  the  additional  (mints  required  are 
filled  in  with  zeroes.  Such  an  artifact  corre? (Kinds  to  a 
(H'culiar  ajKHlizing  profile,  but  the  numerical  effect  on 
the  final  spectrum  is  negligible.  In  most  cases  the 
number  of  (mints  sampled  was  sufficient  to  extend 
well  into  the  wings  of  the  chirped  interferograms. 

At  the  start  of  each  scan,  the  instrument  injects  a 
starting  pulse  on  the  reference  signal  to  enable  th;1 
digitizing  equipment  to  define  the  beginning  -f  a  new 
interferogram.  The  pulse  is  derived  front  the  white 
light  fringe  of  the  incandescent  lamp  in  the  reference 
cube.  Details  of  the  circuitry  and  fringes  occasionally 
make  this  pulse  one  cycle  late;  more  inqmrtunt.  the 
digitizing  equipment  may  lose  a  cycle  by  detecting 
the  end  of  the  pulse  rather  than  its  beginning.  Al¬ 
though  these  random  events  are  infrequent,  they  are 
ultimately  resjxmsible  for  inqierfect  coherence  when 
couddiug  interferograms. 

25-4  BULK  PROCESSING 

The  data  from  each  i.qierimcnt  consisted  of  two 
ta|M*s:  one  for  the  long-wavelength  detector  and  one 
for  the  short-wnwirngth  detector. 

The  intvferogranis  were  a|»odi*ed  before  Fmirier- 
trati'forming  A  variety  of  u|M>dizntions  were  u-ed 
but  there  was  very  little  difference  between  any  of  the 
re-ailing  sjK-ctra  primarily  Ixcause  tle-r-  were  ,‘ew 
sharp  lines  in  the  sjx-ctra  l  or  most  of  the  processing, 
a  simple  boxcar  i|«slixalion  wa'  ti-cd.  blanking  out 
100  |H>iut'  on  each  extreme  of  the  data  and  leaving 
the  rest  utieh.itiged.  Hie  only  instance  in  which  this 
caused  any  ddfiruiiy  was  in  tin-  silicon  channel  w!,en 
the  on-board  calibratioi  lamp  dominated  the  radia¬ 
tion  from  air  sjHH'les  Then  the  is,n.r'  X  tran»lWti; 
of  the  th>xcar-a(<>H|ii.it  :o|t  profile  raoed  ‘ideM-e-  of 
the  calibration  lamp  to  the  point  of  obscuring  sur¬ 
rounding  data  A  trapezoidal  a|iodiralH>t)  proidc  that 
was  coiitnvnl  to  co|llp>'li'at<-  for  sj.fni  ‘average, 
aiiioimt  of  clurp  did  reduce  'i, j,  job«—  but  produced  no 
other  noticeable  effects  II  ap|«eaT'  that  the  dl'tllic- 
t:on*  iiith»|iiiv  |  bv  alternative  i|»«li/  ili--n  method- 
an-  negligible  roinj.are-l  with  tin  .(Let-  ,.f  n< .i*«-  on 
the  Hit i-rfe|> -grain 

I’ll*-  raw  -i-clr.i  w.  r>  .  .h  -ii'ai.  .!  from  the  >|»-lir.  ,l 
inletii  rogram-  In  m.  oi-  to-  t  '<»<,’.*  -Tukcx  ■ 
gorithm  lie  I-  .'.gw  av •  m-o  i  data  were  read 

into  th-  r»-a{  )>irt  t  o-ni|*i-x  ariax  and  the  short- 
waveh  ngtl  .«|..iiti.>-|  data  b*  »  lie,.  lb*  'liiagl'i  \  |iaft 
!  to  I  oi.rn  r  transform 


W;t'  Ui-  ri  c:  icii.it'  <1  *  r  T(,.-  l\\..  -»  p.tr  lt. 

-!,;Tlr  veil-  .ibtaim-l  h\  orthogoiiaiizmg  !i.<‘  r< 
and  imaginary  t r:ij i ~f< »rm~  <  VS  I  llartwcli.  private 
eoimnunicatinnj.  Thi--  gave: 


Sa(o>)  =  ^[.S'(0>)  +  ^(-W)] 
*Sfc(co)  =  il.SX-ar)  -.S*(co)]. 


By  comparison  with  separate  FFTs  for  each  channel, 
this  route  saved  computer  time  despite  the  small 
added  steps  of  orthogonalization.  Each  resulting 
complex  spectrum  was  then  represented  by  an  ampli¬ 
tude  and  a  phase: 


jSn(w)  =  A  a(u)  exp  {i<t>a(o))} 
Sb(u)  =  Ab(u)  exp  {!&(»)}. 


At  this  point  the  amplitude  spectrum  is  known, 
and  the  optical  intensities  can  be  outputed  via  printer, 
plotter,  or  tape.  After  multiplying  by  a  calibration 
factor,  the  power  spectrum  A(u)  thus  obtained  is 
sufficiently  accurate  for  our  purposes,  but  all  the 
spectra  were  phase-corrected  in  order  to  improve  the 
signal-to-noise  ratio. 

In  an  unchirped  interferogram,  the  signal  is  sup¬ 
posedly  the  cosine  transform  of  the  spectrum,  so 
(assuming  precise  sampling)  the  phase  can  be  antici¬ 
pated  to  be  zero.  Mertz 1  has  shown  how  phase- 
correction  can  relax  this  zero  phase  requirement  to  a 
mere  stationary  phase,  by  eliminating  the  sine  trans¬ 
form  of  the  interferogram.  For  a  chirped  interfero- 
grarn,  the  optical  properties  of  the  chirping  medium 
as  well  as  the  phase  spectrum  must  be  known.  Com¬ 
putationally,  a  ninth-order  polynomial  specifies  the 
anticipated  phase  shift  accurately  at  every  wavelength 
of  interest. 

Whenever  noise  is  superimposed  on  an  interfero¬ 
gram,  the  Fourier  transform  of  the  noise  is  mixed  in 
with  the  true  spectrum  producing  the  interferogram. 
Since  the  Fourier  transform  is  a  linear  operator,  the 
complex  Fourier  transform  S(u)  is  the  linear  super¬ 
position  of  the  true  spectrum  and  the  noise  spectrum: 


S(w)  =  .•!,(«)  exp  ;/<*>, (w)}  -F.V(oj)  exp  {/<#>„(«)}, 


*  Several  extremely  fast  routines  written  in  FORTRAN  IV,  especially 
FFT842  uaeii  here,  were  supplied  by  (J.  I).  Herglaml  of  Bell  Telephone 
laboratories,  Whippany,  N..I.  Any  iniiuiries  should  be  addressed  to 
ti.  1).  BerKland. 


where  |,(w)  i-  the  tri"  sjH’Ctrum,  <t> ,(«)  is  the  true 
piiase  shift,  and  .Y(«)  and  <*>„(w)  are  the  amplitude 
and  phase  of  the  noise  spectrum.  Troubh  occurs 
when  the  nonlinear  operation  of  taking  the  square 
modulus  inextricably  mixes  the  signal  and  noise: 


!„S»!2  =  A2(«)+Y2(w)+2A(w)A(w)  cos 

(25-1) 


This  familiar  formula  displays  the  established  fact 
that  signal  and  noise  add  vectorially  in  the  complex 
plane.  The  projection  of  S(u)  along  A(u)  is  therefore 


S(u)  cos  (4>s  —  <£.,)  =  A (o>)+iV(w)  cos  (d>t— <j>n),  (25-2) 


where  <j>,(u )  is  the  measured  phase  angle. 

It  is  easy  to  show  that  the  out-of-phase  component 
of  noise  is 


N(u)  sin  (<*>,-<*.„)  =  S(w)  sin 


in  which  case  solving  a  quadratic  leads  to 


A(w)  =  S(w)[cos  (<t>, -<*>,) ±sin  (<t>,-4>i)  cot  («#>, -<#>„)]. 


The  phase  of  the  noise  is  unknown,  however,  so  the 
only  correction  that  can  be  made  is  the  simple  projec¬ 
tion  of  S(u)  upon  A(u)  given  by  Eq.  (25-2).  Since 
noise  is  assumed  to  have  random  phase,  this  correction 
reduces  noise  by  a  factor  of  l/\/2,  which  corresponds 
to  a  3-dB  improvement  in  signal-to-noise  ratio. 

One  very  important  experimental  artifact  compli¬ 
cates  the  process  of  phase-correction.  While  i’.e 
instrument  is  acquiring  data  in  its  dynamic  environ¬ 
ment,  thermal  and  mechanical  changes  in  the  inter¬ 
ferometer  eube  introduce  slight  changes  in  the  location 
of  the  points  at  which  the  interferogram  is  sampled. 
This  requires  correction  of  the  constant  and  linear 
terms1  in  the  polynomial  for  each  scan.  The  correc¬ 
tions  are  derived  from  spectral  regions  of  strong 
signal-to-noise  ratio,  for  which  the  assumption  <j>,^4>t 
is  locally  justified.  These  empirical  ‘true’  values  of 
phase  are  used  to  update  the  phase  polynomial  by  an 
iterative  method,  which  adjusts  all  the  phases  in  the 
high  signal-to-noise  regions,  recomputes  the  residual 


phase  difference?,  adjust?  again,  and  continues  until 
the  cumulative  residuals  fall  below  a  prespecifird  limit. 
This  seneme  adds  about  0.1  min  to  the  processing 
time  of  each  spectrum. 

The  computer  time  for  reading,  apodizing,  trans¬ 
forming,  orthogonalizing,  phase-correcting,  plotting, 
and  printing  the  data  from  300  scans  of  2048  points 
each  in  both  channels  amounted  to  S  min  of  IBM 
360/85  time.  Of  this,  the  fast  Fourier  transform  sub¬ 
routine  required  60  msec  per  scan. 

25-5  ERROR  ANALYSIS 

The  calibration  procedures  and  their  associated 
errors  are  discussed  in  Chapter  24.  Here  we  present  a 
discussion  of  the  total  errors  present  in  the  flight 
experiment. 

The  object  of  the  measurement  is  to  find  the  spec¬ 
tral  irradiance  H(u)  of  the  radiating  species.  This  is 
related  to  the  telemetered  voltages  as 


H(w) 


:>\V(t)G„ 
R{u>)  ’ 


where  3  denotes  the  Fourier  transform  operator;  X  is 
the  normalizing  constant  that  defines  the  relative 
signal  level  (when  X  =  1,5V  telemetered  equals  5  V 
at  the  computer) ;  V(t)  is  the  signal  received  over  the 
telemetry  link;  Gn  is  the  ratio  of  amplifier  gain  in  gain 
state  n  to  the  amplifier  gain  in  gain  state  1 ;  and  R(w) 
is  the  responsivity  of  the  instrument.  Errors  in  R( «) 
comprise  the  totality  of  errors  in  calibration. 

Assuming  all  errors  are  random  and  nonsystematic, 
we  would  obtain 


/AtfV  /AF\2  /AXV  (AGV  (aR\2 
\H~J  \V  /  +\\)  +\G  )  +\  R)  ' 


Unfortunately,  this  simple  vector  addition  formula 
obscures  the  fact  that  voltage  (and  errors  in  voltage) 
are  functions  of  time,  whereas  the  error  AH  in  spectral 
irradiance  varies  with  frequency. 

In  considering  the  error  in  voltage  received,  the 
temptation  is  to  trivially  cite  the  40-dB  signal-to- 
noise  ratio  of  the  telemetry  link  and  therefore  set 
(AF/F)  =0.01.  To  do  so  would  be  misleading,  for  two 
major  reasons. 

First,  the  noise  in  an  FM  transmission  system  is  a 
percentage  of  full  scale  whether  the  full  dynamic  range 
is  used  or  not.  Since  the  noise  level  AF  is  nearly 
constant  in  absolute  magnitude,  rather  than  in  per¬ 
centage,  the  representati  <  (AF/F)  is  pointless. 
Noise  affects  every  fringe  ol  the  interferogram  equally, 


regardless  of  the  magnitude  of  the  fringe  Thus,  an 
interferogram  produced  by  a  clustered  spectrum 
(whose  central  peak  is  spread  very  little  by  chirping) 
will  accumulate  a  substantial  noise  contribution  from 
the  wings.  By  contrast,  a  spectrum  of  sustained  high- 
contrast  fringes  will  be  comparatively  immune  to 
noise,  with  correspondingly  less  degradation  of  the 
final  spectrum.  Clearly,  the  error  contribution  by 
oltage  errors  depends  on  both  the  size  and  shape  of 
the  interferogram. 

Second,  the  noise  is  random  and  has  a  flat  spectrum 
whereas  the  signal  is  structured  with  various  lines  and 
continua.  The  noise  is  therefore  redistributed  ‘un¬ 
fairly’  throughout  the  spectrum.  For  example,  con¬ 
sider  a  cluster  of  lines  whose  intensity  is  an  order  of 
magnitude  below  a  strong  continuum  at  another 
frequency.  The  interferogram  will  be  dominated  by 
the  stronger  source,  which  will  determine  the  gain 
state  of  the  amplifier.  The  weaker  source  will  ride 
along  as  modulation  on  the  interferogram,  out  of  the 
noise  by  a  factor  of  only  10  instead  of  100  like  the 
strong  signal.  The  continuum  will  be  recognized  in 
spite  of  its  accompanying  noise,  but  the  line  structure 
will  be  partially  lost  in  the  noise.  Because  the  stronger 
signal  triggers  a  change  to  a  less  sensitive  gain  state, 
the  weaker  lines  suffer  a  disadvantage  that  would  not 
occur  in  the  absence  of  the  strong  source. 

Recognizing  these  anomalies,  we  are  forced  to 
quote  separate  figures  for  the  contribution  of  tele¬ 
metry  noise  to  the  error  in  spectral  irradiance  of  each 
channel  at  various  wavelengths,  intensities,  and  spec¬ 
tral  distributions.  This  difficulty  clutters  all  other 
discussion  of  errors  in  the  final  spectral  irradiances. 
For  now  it  suffices  to  state  that  the  range  of  such  error 
is  between  2  and  36  percent  in  all  cases. 

The  signal  level  parameter  X  is  a  much  less  sophisti¬ 
cated  error  source  in  the  data  acquisition  system. 
Because  it  is  independent  of  time  and  frequency,  it 
passes  through  the  Fourier  transform  and  uniformly 
affects  all  values  of  H( o>).  The  raw  analog  data  tape 
of  early  units  contains  no  fiducial  5-V  signal  to  ensure 
precise  setting  of  the  digitizing  level;  this  signal  was 
supplied  by  later  interferometers.  The  reference  signal 
is  nominally  a  1-V  peak-to-peak  square  wave,  but  a 
succession  of  filters  and  playback  recorders  degrade 
its  shape  prior  to  the  digitizer.  Therefore,  in  attempts 
to  use  this  signal  to  define  a  fiducial  1-V  digitizing 
level,  the  difficulty  of  distinguishing  its  peaks  and 
valleys  introduced  error.  Statistical  analysis  of  the 
digital  records  showed  fluctuations  in  X  of  ±17  per¬ 
cent.  On  later  instruments,  this  deficiency  was  cor¬ 
rected  by  including  a  5-V  signal  generated  by  the 
interferometer;  this  reduced  error  in  X  to  only  ±5 
percent. 

The  error  contribution  of  the  successive  gain  states 
Gn  of  the  amplifier  is  due  to  uncertainty  in  the  at¬ 
tenuation  introduced  by  switching  the  gain.  The 
attentuation  factor  is  used  to  convert  the  actual  tele¬ 
metered  volts  to  equivalent  gain  state  1  voltage.  Since 
the  calibration  was  performed  with  the  instrument  in 
gain  state  1,  the  uncertainty  in  gain  for  that  state  is 
absorbed  into  uncertainty  in  R(oi).  The  attenuation 


v»rt..r-  H.-r>  ift-'i  h-vcr!  lim^  with  a  ri  |>n«lwi- 
h:lM  \  -t  l<(  |-  r«-*-tit 

Sniir  n!  tin-  ni!irc  attenuated  gain  states  werc 
'afflieted'  with  a  -miree  of  error  more  severe  in  prin¬ 
ciple.  The  detectors  were  m.t  (M-rfectl.v  linear  at  very 
high  intensity,  which  had  the  effect  of  making  the 
gain  factor  (!n  dependent  on  voltage,  thereby  dis¬ 
torting  the  true  signal.  Distortion  can  be  represented 
as  higher  harmonies  of  a  fundamental  frequency;  in¬ 
deed,  some  minor  spectral  features  observed  at  double 
and  triple  the  frequency  of  strong  sources  can  only 
be  explained  in  terms  of  a  few  percent  distortion  at 
high  intensity.  [The  problem  of  recovering  signals 
passed  through  nonlinear  amplifiers  and  transmitted 
o  r  band-limited  systems  has  been  treated  by  Lan¬ 
dau.'1]  In  analyzing  the  data,  we  considered  the  effects 
of  nonlinearity  to  be  less  than  5  percent  and  therefore 
minor  compared  with  oth,  r  error  sources.  Accord¬ 
ingly,  nonlinear  recovery  techniques  have  not  been 
used  here. 

The  error  in  rcsponsivity  calibration  AR/R,  taken 
from  Table  24-2  (Chapter  24),  was  dominated  by 
inaccuracy  in  maximum  spectral  volts  of  the  calibra¬ 


tion  spectrum  AM  M  It  is  now  possible  to  explain 
the  origin  of  this  error  source.  Recall  that  during 
calibration,  signals  generated  by  the  interferogram 
pass  through  the  data  reduction  system.  To  eliminate 
noise,  about  100  of  these  interferograms  are  coadded 
and  transformed  to  produce  the  calibration  spectrum. 
Statistical  studies  of  a  large  number  of  such  coadding 
experiments  have  shown  that  net  amplitude  values 
deviate  from  the  maximum  of  a  single-scan  spectrum 
between  zero  and  — 10  percent.  A  scatter  in  the  start 
of  the  interferogram  (defined  by  detecting  the  trigger 
pulse)  of  only  1  cycle  can  easily  account  for  this 
fluctuation,  when  we  consider  the  effect  of  coadding 
signals  slightly  out  of  phase.  Several  techniques  are 
used  to  minimize  this  error,  but  it  has  not  been  en¬ 
tirely  eliminated.  Moreover,  the  accuracy  of  the 
signal  level  upon  playback  during  calibration  is  upset 
by  the  same  conditions  that  introduce  error  in  X,  so 
the  error  in  volts-to-counts  conversion  is  again  ±5 
percent,  as  in  flight.  These  two  contributions  sum 
vectorially  to  11  percent  error  in  maximum  spectral 
volts  M. 

Table  25-1  summarizes  the  errors  in  the  final 


Table  25-1.  Interferometer  Error  Summary 


O) 

(cm"1) 

AV/V 

Noise 

Error 

(%) 

AX/X 

Signal 

Level, 

Early 

Version 

<%) 

AX/X 

Signal 

Level, 

Later 

Version 

(%) 

A  G/G 
{%) 

A  R/R 

(%) 

AH/H, 

Early 

Version 

(%) 

AH/H, 

Later 

Version 

(%) 

PbSe,  LOW-LEVEL  INTERFEROGRAMS 

2200 

±20 

±17 

5 

±10 

±15 

±32 

±27 

3500 

±  5 

±27 

5 

±10 

±15 

±25 

±19 

PbSe,  HIGH- 

LEVEL  INTERFEROGRAMS 

2200 

±  7 

±17 

5 

±  10 

±15 

±26 

±20 

3500 

±  2 

±15 

5 

±10 

±15 

±25 

±19 

S 

,  LOW-L 

KVEL INTERFEROGRAMS 

9050 

±36 

±17 

5 

±10 

±12 

±43 

±39 

10900 

±25 

±  17 

5 

±10 

±12 

±34 

±30 

Si 

HIGH-LEVEL  INTERFEROGRAMS 

9050 

±28 

±17 

5 

±10 

±12 

±36 

±32 

10900 

±  6 

±17 

±10 

±12 

±24 

±17 

values  of  H(w)  for  four  typical  cases:  lead  selenide  at 
high  and  low  levels,  and  silicon  at  high  and  low  levels. 
Inspection  of  this  table  suggests  .'10  percent  as  an 
appropriate  number  for  the  overall  accuracy  of  the 
measurements.  Without  the  telemetry  noise  contri¬ 
bution  AI’,  the  silicon  cell  would  generally  have  an 


error 'of  16  percent  and  the  lead  selenide  cell  an  error 
of  19  percent. 

Calibrations  performed  at  two  independent  labora¬ 
tories  showed  typical  agreements  of  10  to  30  percent. 
One  instrument  showed  a  discrepancy  of  50  percent, 
tentatively  ascribed  to  incoherent  coadding. 


A  large  clans  of  other  errors  have  not  been  discussed, 
but  they  are  all  below  5  percent  and  contribute 
negligibly  to  errors  in  the  spectra.  Among  these  are 
tape  recording  and  A-D  conversion  errors,  frequency 
effects  in  i  lectronic  components,  systemic  errors  in 
irradiance  standards  and  measuring  equipment,  inter¬ 
polations  in  calibration  curves,  and  tilt  of  the  optical 
axes. 

25-6  RESULTS 

During  several  suborbital  flights,  instruments  of 
this  type  collected  data  on  air  species  radiating  in  the 
range  0.85  to  5.3  pm.  Figure  25-7  (top)  shows  a 
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Figure  25-7.  Flight  Interferogram  (top)  and  Spectrum 
(bottom)  Obtained  From  the  Lead  Selenide  Channel  (severe 
vibration) 


chirped  interferogram  obtained  by  the  lead  selenide 
detector  during  severe  vibration  in  flight.  Because 
the  vibration  frequencies  were  all  low,  the  devastating 
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Figure  25-8.  Flight  Interferogram  (top)  and  Spectrum 
(bottom)  Obtained  From  the  I,end  Selenide  Channel  (typical) 


effect  on  the  interferogram  was  discarded  from  the 
spectrum,  and  vibrational  noise  was  mitigated.  A 
more  typical  interferogram  from  the  lead  selenide 
channel  >pears  in  Figure  25-8  (top)  with  its  spec¬ 
trum  (bottom).  Figur"  25-9  (top)  is  a  typical  silicon 
chirped  interferogram  with  its  spectrum  (bottom). 
Figure  25-10  is  a  rather  weak  spectrum  from  this 
channel. 

Obviously,  the  effects  of  noise  detract  substantially 
from  the  quality  of  the  spectra.  To  suppress  noise, 
we  have  coadded  a  number  of  interferograms.  The 
coherent  signals  grow  as  the  number  N  of  interfero¬ 
grams  coadded,  but  the  noise  grows  only  as  >/N, 
which  gives  a  net  suppression  of  noise  as  l/\/N. 
Coadding  20  scans  gives  very  adequate  quality  in  the 
resulting  spectra. 

Figure  25-11  is  the  spectrum  resulting  from  coad¬ 
ding  the  18  interferograms  near  Figure  25-7;  Fig¬ 
ure  25-12  shows  the  25-scan  average  near  Figure  25-8; 
Figure  25-13  was  made  by  coadding  25  interferograms 
near  Figure  25-9;  Figure  25-14  is  the  20-scan  average 
near  Figure  25-10. 


Finite  25-12.  Condded  Spectrum  Obtained  From  the 
Figure  25-10.  Flight  Sjieetrum  Obtained  From  the  Silicon  U-nd  Selenide  Channel  (conditions  as  in  Figure  25-8;  25 
Channel  (weak)  interferograms) 
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Figure  25-13.  Coadded  Spectrum  Obtained  From  the  Sili¬ 
con  Channel  (conditions  as  in  Figure  25-9;  25  interferograms) 
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Figure  25-14.  Coadded  Spectrum  Obtained  From  the  Sili¬ 
con  Channel  (conditions  as  in  Figure  25-10;  20  interferogramsl 


A  comparison  of  Figures  25-7  and  25-11  shows  that 
s|M'Ctral  features  only  hinted  at  in  the  single  scan 
stand  out  in  the  coadded  version.  Figures  25-N  and 
25-12  demonstrate  how  coadding  cleans  up  continuu 
and  establishes  the  validity  of  structural  features  lost 
in  the  noise  of  a  single  scan.  Figures  25-0  and  25-111 
contrast  the  effect  of  the  condding  process  on  molecu¬ 
lar  radiation  bands:  the  clean  spectra  of  Figure  25-15 


enable  us  to  calculate  a  temperature,  whereas  those 
of  Figure  25-9  do  not  allow  unambigut  ••  temperature 
determinations.  Figure  25-10,  a  low-level  signal,  has 
few  recognizable  features  beyond  the  calibration  lamp, 
but  Figure  25-14  contains  clearly  identifiable  spectra. 

For  the  higher  frequencies,  coadding  is  useful  only 
when  all  the  interferograms  are  precisely  synchronized 
at  their  starting  points.  Frequencies  close  to  the 
Nyquist  frequency  cannot  tolerate  even  one  fringe 
displacement  in  synchronism  without  losing  their 
coherence;  and  once  coherence  is  lost,  there  is  no  gain 
over  die  incoherent  noise  in  coadding.  Lower  fre¬ 
quencies  are  correspondingly  less  sensitive  to  such 
asvnchronism. 

Synchronizing  errors  arise  mainly  from  failure  of 
the  digitizing  apparatus  to  associate  the  initial  spike 
on  the  reference  signal  with  one  unique  ‘first’  point  in 
the  interferogram.  If  the  sampling  circuitry  delays 
one  zero-crossing  while  discerning  the  initializing 
command,  the  interferogram  will  be  out  of  phase  by 
one  reference  fringe.  Such  an  amount  is  not  harmful 
to  the  low  frequencies  that  dominate  the  lead  selenide 
cl.  nel  but  it  sacrifices  coherence  in  the  silicon 
channel.  Fortunately,  this  phenomenon  occurs  rela¬ 
tively  rarely,  and  is  caused  primarily  by  telemetry 
noise  when  it  does  occur. 

We  show  no  comparisons  of  the  results  of  various 
apodizing  functions.  The  only  difference  we  found 
was  in  the  suppression  of  sidelobes  around  the  intense 
peak  of  the  cali’  at  ion  lamp  in  the  silicon  channel. 

More  to  the  point  for  further  study  is  the  removal 
of  false  harmonics  by  computational  techniques. ■* 
When  significant  low-level  spectra  occur  at  harmonics 
of  intense  lower-frequency  sources,  tin*  nonlinear  de¬ 
tector  characteristic  creates  higher  harmonies  that 
obscure  the  naturally  occurring  low-level  spectra. 
The  removal  of  such  artifacts  will  allow  a  better 
understanding  of  the  observed  spectra  in  the  higher 
frequency  ranges. 

25-7  CONCLUSIONS 

These  results  are  only  samples  of  a  much  broader 
collection  of  data  whose  interpretation  has  not  yet 
been  published.  They  illustrate  the  type  of  data 
obtainable  with  a  Miehelson  interferometer  applied 
to  on-board  measurements  from  a  space  vehicle. 

The  interferometer-spectrometer  has  been  found 
to  function  properly  in  flight  and  to  deliver  informa¬ 
tion  of  high  quality.  The  chief  restraint  on  using  the 
interferometer  in  this  way  is  the  need  for  a  very 
sophisticated  analog  data  link  and  ancillary  ground 
equipment.  An  interferometer  accompanied  by  a  fast 
on-board  analog-to-digitnl  converter  (triggered  by  the 
reference  interferogram)  would  he  relatively  free  of 
the  sigual-to-noise  problems,  signal-level  errors,  play¬ 
back  distortion,  and  related  obstructions  that  aug¬ 
ment  the  error  in  our  measurements.  Many  space 
experiments  have  shown  digital  telemetry  to  be  essen¬ 
tially  imise-free  over  vast  distances,  and  the  applica¬ 
tion  oi  such  techniques  to  space  interferometry  would 
bo  n  welcome  advance. 
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Discussion 


Q.  What  type  of  vehicles  were  the  instruments 
flown  on? 

A.  (T.  1’.  Sheahen):  A  suborbitnl-trnjcctory  object 
designed  for  upj>er  atmospheric  measurements  under 
a  severe  environment. 

Q.  Meteorites? 

A.  (T.  P.  Sheahen):  No. 

Q.  What  was  the  spectrum  np|>enring  in  Figures 
2.VS  and  25-12? 

A.  (T.  P.  Sheahen):  Hydrogen  fluoride.  It  is  a 
product  of  ablation  from  the,  vehicle’s  surface. 
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26.  Computer-controlled  Telescope  and  Interferometer  for 

Eclipse  Observations 


William  G.  Mankin,  Robert  M.  MacQueen,  and  Robert  H.  Lee 

High  Altitude  Observatory 
National  Center  for  Atmospheric  Research* 
Boulder,  Colorado 


Abstract 


A  two-beam  telescope  and  interferometer  for  eclipse  observations  in  the  8-  to 
13-jim  range  is  described.  A  small  general-purpose  digital  computer  is  an  integral 
part  of  the  experimental  system,  used  for  both  equipment  control  and  data  analysis. 
The  limit  of  radiometric  sensitivity  is  set  by  fluctuations  in  sky  emission. 


26-1  INTRODUCTION 

The  two-beam  telescope  and  interferometer  that 
we  have  constructed  for  observing  them  mission 
from  the  F  corona  in  the  10-pm  region  n  rporates 
several  unusual  features,  the  most  interesting  of 
which  is  a  small  general-purpose  digital  computer 
used  as  an  integral  part  of  the  experimental  system 
rather  than  as  a  device  for  post  facto  data  analysis. 
The  computer  controls  the  interferometer  and  collects 
the  data  as  well  us  computing  the  Fourier  transform 
of  the  interferogrnm.  The  use  of  the  computer 
provides  great  flexibility;  many  observations  require 
only  a  change  of  program  rather  than  of  hardware. 

The  instrument  is  designed  for  field  work.  It  has 
been  successfully  used  in  a  remote  region  of  southern 
Mexico  under  conditions  of  high  humidity,  varying 
temperatures,  anti  dust.  In  some  respects  it  is  more 
complicated  than  was  required  for  the  ex|>eriment 
l>crformed.  but  it  has  served  the  additional  purpose 
of  testing  the  concepts  and  the  hardware  for  planned 
observing  programs,  including  airborne  observations, 
where  the  more  complex  instrumentation  is  needed. 

•  Tht  Naltkmal  Ctofvrf  Alma»pberi«  Rtwfcb  «•  t^ootorrd  bj  f it* 
Nat  tonal  Hnvftet  Kout*d*t»«:u. 


26-2  INSTRUMENTATION  AND  TECHNIQUES 

Figure  26-1  is  a  diagram  of  the  instrument  optics. 
An  f  N  Cassegrain  telescope  of  1  .Vein  aperture  covers 
two  lields  of  view,  each  approximately  min  of  arc  in 
diameter,  separated  in  space  by  One  field  sees 
the  corona;  the  other  looks  at  tht1  sky  l,fi°  away.  IJv 
taking  the  spectrum  of  the  difference  we  eliminate  the 
skv  emission,  which  is  expected  to  be  much  huger 
than  the  emission  from  the  corona. 

The  radiation  from  each  field  of  view  is  collimated 
into  a  2-cm-diam  beam.  A  reflecting  chopper  alter¬ 
nates  the  two  beams  onto  the  entrance  of  a  scanning 
Mirhelson  interferometer.  After  passing  through  the 
interferometer,  the  radiation  is  focused  onto  a  gallium- 
doped  germanium  bolometer  cooled  by  licp  *.,  helium 
purnj.H'd  to  a  temjrernture  of  2®  K.  The  dcw,-«r  has  a 
capacity  of  l.Tfl  of  liquid  helium  and  a  hold  time 
of  6  hr  after  reaching  the  operating  temperature.  A 
low-noise  FKT  preamplifier  is  mounted  directly 
on  the  dewar.  At  the  chopping  frequency  of  72  He. 
the  rms  noise  equivalent  jmwor  is  approximately 
1X10_M\V  HxV  The  window  and  internal  lens  are 
made  of  barium  fluoride  An  interference  filter, 
moled  to  liquid  helium  tenqKWature,  limits  the 
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Figure  2(1-1,  Diagram  of  Two-lieam  Infrared  Radiometer 
nod  Interferometer  Optics 


spectral  bandpass  of  the  system  to  7  to  ld^m,  and 
reduces  t he*  background  radiation  on  the  detector. 

The  interferometer  is  shown  in  Figure  2(1-2.  The 
beam  splitter  is  germanium,  2  mm  thick,  with  an 
antireflection  coating  on  one  side  and  a  partially 
reflecting  coating  on  the  other;  its  efficiency,  com¬ 
pared  with  that  of  an  ideal  beam  splitter,  is  greater 
than  00  percent  over  the  S-  to  l2-*im  range,  averaged 
over  both  polarizations.  The  compensator  is  also 
germanium  and  is  antireflection-coated  on  both  sides. 
A  difference  in  thickness  of  7'>pm  between  the 
beam  splitter  and  compensator  produces  a  small 
amount  of  chirping,  but  this  is  not  troublesome. 

The  moving  mirror  is  mounted  on  a  shaft  sup¬ 
ported  in  two  precision  ball  bushings.  A  stepping 
motor  turns  a  differential  screw  micrometer  translator 
to  effect  the  mirror  motion,  The  mirror  travel  is 
1  mm,  with  zero  path  difference  at  the  center  of  the 
travel;  the  resulting  resolution  is  f>  cm-1. 

The  entire  instrument  mounted  in  its  two-axis 
gimbal  system  is  shown  in  Figure  2(i-d.  The  two 
integrating  gyros  each  have  a  single  degree  of  freedom. 
When  they  sense  any  rotation  of  the  instrument  in 
inertial  space  they  produce  an  error  signal,  used  to 
drive  torque  motors  on  each  axis  to  correct  the  error. 
In  this  way  a  pointing  accuracy  of  better  than  10 
sec  of  arc  is  achieved.  There  arc  provisions  for  driving 
the  instrument  about  either  axis  at  a  slow  or  a  fast 
rale  to  permit  spatial  scans. 


Figure  2(1-2.  Scanning  MiehclBon  Interferometer  for 
Coronal  Observations 


Figure  20-4  is  a  block  diagram  of  the  complete 
observing  system.  The  output  of  the  detector  is 
amplified  and  digitized.  As  a  backup  system  it  also 
goes  to  a  standard  lock-in  amplifier  and  strip  chart 
recorder.  The  digitized  values  are  stored  in  the 
computer  memory  and  also  recorded  on  magnetic  tape 
for  later  processing  on  the  CDC  0000  computer  at  the 
National  Center  for  Atmospheric  Research  (N’CAR). 

The  computer  is  a  PDF  S/L  with  extended  memory. 
It  has  a  memory  of  81112  twelve-bit  words  and  a  1.0- 
psec  cycle  time.  It  can  be  used  with  a  wide  variety  of 
peripheral  equipment.  In  addition  to  the  magnetic 
tape  recorder,  we  use  a  teletype— chiefly  for  loading 
programs — and  an  X-Y  recorder  for  plotting  the 
interferograms  and  spectra.  A  crystal  clock  provides 
signals  for  timekeeping;  for  locking  the  chopper, 
which  is  run  by  a  stopping  motor;  and  for  timing  the 
interferometer  advance.  The  control  panel  displays 
the  status  of  the  computer  and  allows  the  operator  to 
select  program  options  and  operating  modes,  or  even 
to  modify  the  computer  program  while  the  computer 
is  running.  Digital  displays  show  the  time,  the  intcr- 
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Figure  20-3.  Instrument  Mounted  on  Its  Gyro-controlled  'r  .0  Cimbnl  Support 


Figure  20-1.  I  Slock  Diagram  of  tile.  Dota-handling  System 
Used  With  the  Interferometer 


ferometer  position  in  its  sen n ,  and  an  identifying 
sequence  number. 

In  addition  to  the  ability  to  perform  programmed 
computations,  the  computer  has  two  other  modes 
that  make  it  useful  for  controlling  the  experiment: 
the  data-break  facility,  and  the  program-interrupt 
facility. 

The  data  break  is  a  method  whereby  numbers  can 
be  stored  in  specified  locations  of  memory  or  retrieved 
from  memory  for  output  without  interrupting  the 
flow  of  computation  in  the  computer.  The  data  goes 
to  or  from  memory  directly,  without  affecting  the 
active  registers,  the  parts  of  the  compiler  that 
actually  perform  the  computation.  Thus,  for  ex¬ 
ample,  the  computer  can  be  collecting  new  data  iit 
one  block  of  memory  while  processing  data  previously 
collected  and  stored  in  a  different  block  of  memory. 
The  data-collection  operation  does  not  interfere  with 
the  data-processing  operation. 

The  second  facility  is  the  program  interrupt.  This 
is  a  method  whereby  the  program  being  executed 
by  the  computer  can  be  interrupted  by  some  external 
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device.  The  computer  jumps  to  a  different  program  to 
perform  whatever  service  the  external  device  re¬ 
quires;  when  it  has  completed  that  service,  it  returns 
to  the  program  it  was  previously  executing  and  picks 
up  where  it  left  off.  This  allows  the  computer  to  use 
its  time  efficiently,  doing  useful  computations  on  one 
program  while  waiting  for  orders  to  execute  another 
program.  Input  and  output  devices  are  typically 
much  slower  than  the  computer;  the  program  inter¬ 
rupt  allows  the  computer  to  switch  to  another  job 
while  waiting  for  an  I/O  device  to  catch  up.  It  also 
allows  the  timing  of  the  computer  operations  to  be 
locked  to  external  devices. 

A  description  of  the  measurement  eyele  at  one 
interferometer  position  should  make  the  operation  of 
these  two  special  functions  clear.  The  chopper 
reference  pickup  supplies  a  pulse  to  indicate  that 
radiation  from  one  beam  is  incident  on  the  inter¬ 
ferometer;  the  A-D  converter  begins  digitizing  the 
detector  output  at  a  I-kHz  rate.  The  digitized 
signals  are  stored  in  a  preset  buffer  region  of  computer 
memory  via  the  data-break  facility  without  disturbing 
the  computer  operation.  The  computer  might  be 
doing  something  quite  different,  such  as  plotting  the 
previous  point  on  the  X-Y  recorder.  When  a  specified 
number  of  samples  have  been  recorded,  the  A-D 
converter  interrupts  the  computer.  The  computer 
then  turns  the  A-D  converter  off  and  adds  up  the 
digitized  signals  to  obtain  a  value  for  the  signal 
from  that  beam.  When  the  chopper  has  moved  to 
the  position  where  the  other  beam  is  incident  on  the 
interferometer,  A-D  conversions  begin  again  and  the 
process  is  repeated.  When  K  complete  cycles  of  this 
have  been  performed,  the  computer  adds  all  the  values 
from  one  beam,  subtracts  the  values  from  the  other 
beam,  thereby  performing  a  digital  synchronous  recti¬ 
fication,  plots  the  point,  and  stores  it  as  one  point  of 
the  interferogram.  The  Computer  then  determines 
whether  the  interferometer  has  reached  the  limit  of  its 
travel.  If  it  has  not,  the  computer  advances  it  one  step 
through  a  programmed  acceleration  and  deceleration, 
and  the  measurement  cycle  is  completed.  If  the 
interferometer  has  reached  a  limit,  the  computer 
takes  the  Fourier  transform  of  the  interferogram  and 
plots  the  resultant  spectrum.  Four  seconds  is  re¬ 
quired  to  take  both  the  sine  and  cosine  transform  of  a 
o  1 2-point  interferogram  using  the  Cooley-Tukey 
algorithm.  An  additional  10  to  25  sec  is  required  to 
plot  the  spectrum,  depending  upon  how  much  struc¬ 
ture  there  is  in  the  plot.  Within  .'10  sec  after  com¬ 
pleting  the  interferogram,  we  have  a  complete 
spectrum  plotted. 


The  interferometer  takes  55  msec  to  advance  and 
settle  to  its  new  position;  111  msec  is  then  required  to 
perform  the  measurement  cycle,  resulting  in  a  band¬ 
pass  of  4.2  Hz  centered  at  the  chopping  frequency  of 
72  Hz.  This  allows  measurements  at  the  rate  of  6 
interferometer  positions  per  second.  We  require 
90  sec  to  obtain  a  512-point  double-sided  interfero¬ 
gram.  This  speed  introduces  a  problem  that  we  call 
the  ‘dc  interferogram.’  Because  the  interferogram  of 
the  emission  of  sky,  mirror  surfaces,  etc.,  on  one 
side  of  the  interferometer  differs  from  the  com¬ 
plementary  interferogram  of  the  emission  of  the  cold 
detector  on  the  other  side  of  the  interferometer,  an 
interferogram  of  large  amplitude  is  generated  by 
moving  the  interferometer.  This  interferogram  is  not 
due  to  the  difference  in  radiance  of  the  two  input 
beams  but  due  rather  to  the  average  radiance  of  the 
two  beams.  It  can  be  detected  by  a  dc  detector. 
Figure  26-5  is  an  example  of  this  dc  interferogram;  it 
shows  the  output  of  the  detector  while  the  inter¬ 
ferometer  is  scanned  continuously.  The  small 
variations  at  the  chopping  frequency  represen  ;  the 
desired  signal,  due  to  radiance  differences  of  the  two 
beams,  and  the  large  amplitude  curve  is  the  undesired 
dc  interferogram. 

Ordinarily,  after  advancing,  since  the  inter¬ 
ferometer  sits  at  constant  path  difference  for  a  time 
that  is  long  compared  to  the  time  constant  of  the 
detector,  the  spike  caused  by  the  change  in  the  dc 
interferogram  dies  out  and  only  the  chopped  signal 
persists.  But  at  the  high  stepping  rate  and  low  signal 
radiance  we  use,  the  signal  due  to  the  derivative  of  the 
dc  interferogram  is  too  large  to  drop  out. 

The  dc  interferogram  consists  of  only  a  few  large 
fringes  around  zero  path  difference  since  it  is  due  to  a 
smooth  spectrum.  To  eliminate  the  signal  from  this 
source,  we  programmed  the  computer  to  wait  an  extra 
111  msec  before  accepting  data  after  advancing  the 
interferometer  if  the  interferometer  was  within  20 
steps  of  zero  path  diff  erence.  This  extra  time  allowed 
the  large  spike  to  die  out.  The  fact  that  this  required 
only  a  simple  change  in  the  computer  program  rather 
than  a  change  in  the  hardware  illustrates  the  power 
of  the  computer  as  an  experiment  control  device. 

The  other  serious  problem  that  we  encountered 
was  in  balancing  the  thermal  emission  of  the  instru¬ 
ment  in  the  two  beams.  Since  we  were  looking  for  a 
very  low  radiance  source,  small  differences  in  the 
emissivity  of  the  optics  in  the  two  beams  were  quite 
serious.  An  emissivity  difference  of  0.01,  for  example, 
produces  a  spurious  signal  approximately  10  times 
the  predicted  coronal  signal.  By  careful  cleaning  of  the 
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Figure  20-5.  Output  of  Detector  With  Interferometer  Scanned  Continuously,  Showing  Chopped  and  DC  Interferograi-iQ 
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optics  in  the  two  beams  and  by  adjustment  of  the 
alignment,  we  were  able  to  balance  the  total  power 
in  the  two  beams  to  within  the  sky  noise.  A  spectral 
imbalance  remained,  however,  due  to  differences 
in  the  spectrum  of  the  spurious  emission  in  the  two 
beams.  This  spectral  imbalance  set  the  limit  on  our 
spectral  sensitivity  to  faint  sources. 


o 

I  o 
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Figure  26-6.  Spectrum  of  Region  of  Moon  Near  the  Crater 
Kepler 


Figure  26-6  shows  a  spectrum  of  the  moon  taken 
with  this  system.  One  beam  was  pointed  to  an  area 
near  the  crater  Kepler,  the  other  to  the  sky  1.5° 
away.  The  age  of  the  moon  was  22.2  days,  so  the 
average  temperature  over  the  field  of  view  was  about 
335°  K.1 


The  overall  shape  of  the  spectrum  is  due  to  the 
transmission  of  the  system,  primarily  the  interference 
filter  in  the  dewar.  The  ozone  band  at  9.6  #mi  and 
several  minor  water  bands  are  clearly  visible.  The 
quality  factor  q  defined  by  Connes2  is  approximately 
3X 105  for  this  spectrum;  the  limit  is  set  by  sky  noise. 

Figure  26-7  shows  a  measurement  (at  a  fixed  optical 
path  difference)  of  sky  noise — that  is,  fluctuations  in 
the  thermal  emission  of  the  sky — probably  due  pri¬ 
marily  to  fluctuations  in  the  quantity  of  water  vapor 
in  the  beam.  This  sets  the  ultimate  limit  on  our  radio- 
metric  sensitivity,  at  approximately  5  times  the 
detector  noise.  At  the  time  of  the  observation  the 
sky  was  thermally  active,  with  orographic  clouds 
common.  The  altitude  was  2700  m.  The  large  fluc¬ 
tuations  near  the  righthand  side  of  the  figure  are  due 
to  wisps  of  clouds  that  are  drifting  ;  ’•oss  the  field  of 
view.  The  rms  short-term  fluctuations  in  the  sky 
radiance  are  about  4X10“7  W/cm2-sr-jum  averaged 
over  the  8-  to  13-pm  bandpass  of  the  system.  The 
slower  fluctuations  do  not  cause  noise  in  the  spectral 
region  observed. 

If  we  assume  a  zenith  transmission  of  90  percent 
over  the  spectral  region  and  a  mean  sky  temperature 
of  260”  K,  then  the  fluctuation  represents  approxi¬ 
mately  1  percent  of  the  sky  radiance. 


OC'ECTOR  NOISE  SKY  NO"SE 


Figure  26-7.  Comparison  of  Noise  From  Detector  and 
Fluctuations  in  Thermal  Emission  of  Sky 
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the  data.  We  did  obtain  data,  but  cannot  yet  say 
how  much  of  the  signal  is  coronal. 
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Discussion 


Q.  (P.  L.  Richards,  University  of  California): 
Were  your  computations  done  in  single  or  double 
precision? 

A.  (W.G.M.):  Computations  on  the  computer  in 
the  system  were  single  precision  (12  bit),  but  data 
were  recorded  on  magnetic  tape  in  double  precision 
for  later  processing  on  a  CDC  6600  computer. 
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27.  Fourier  Spectroscopy  Applied  to  Field  Measurements 


G.  W.  Ashley  and  A.  G.  Tescher 

General  Dynamics 
Pomona,  California 


Abstract 


Fourier  spectroscopy  has  been  used  in  a  number  of  field  measurement  programs 
conducted  by  the  Pomona  Division  of  General  Dynamics.  The  support  equipment 
and  techniques  developed  to  achieve  a  measurement  capability  in  this  area  are 
discussed.  In  particular,  the  following  areas  are  covered  in  some  detail:  (1)  field 
support  equipment,  (2)  measurement  instrumentation,  (3)  data  acquisition  pro¬ 
cedures,  (4)  data  recording  system,  and  (5)  data  reduction  techniques.  Examples 
of  specific  data  and  the  presentation  formats  used  are  included. 


27-1  INTRODUCTION 

The  Physics  and  Infrared  Section  of  General 
Dynamics,  Pomona  Division,  has  been  engaged  in 
various  measurement  programs  utilizing  Fourier 
spectroscopy.  The  program  objectives  have  included 
tactical  military  targets  as  well  as  study  of  the  optical 
properties  of  backgrounds  and  the  atmosphere.  High 
spectral  resolution  data  requirements  coupled  with 
limited  target  observation  time  has  dictated  the  use 
of  multiplex  spectrometers.  In  addition,  since  the 
majority  of  the  targets  cannot  be  measured  in  a 
laboratory  environment,  high  emphasis  has  been 
placed  on  achieving  field  mobility  and  compact, 
rugged  instrumentation. 

27-2  FIELD  INSTRUMENTATION 

A  complete  measurement  f?.c:!i+y  has  been  housed 
in  a  Cortez  Van.  Besides  the  bisic  measurement 
instrumentation,  the  van  contains  a  10-kW  power 
generator,  a  search  and  range  radar,  VHF/UHF 
communications,  an  IRIG  time  code  generator  and 
control  unit,  a  hybrid  digital/analog  recording  system, 


a  real-time  500-point  spectrum  analyzer  for  data 
assessment,  and  associated  monitor  and  calibration 
instrumentation.  The  measurement  instrumentation, 
some  of  which  is  shown  in  Figure  27-1,  includes  IR 


Figure  27-1.  Infrared  Thermal  Imaging  and  Interferometer 
Instruments 
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interferometers,  IK  thermal  imaging  instruments,  a 
I'V  prism  s.  ctrometer,  and  various  IK  and  I'V 
radiometers. 


Figure  27-2.  Interferometer  and  Boresighted  X-band  Range 
Radar 


Figure  27-2  shows  one  of  the  interferometers  fitted 
with  12»in.-diam  collecting  optics.  The  instrument  is 
manually  pointed  at  the  target  source.  Target  range 
is  automatically  determined  from  the  X-band  radar, 
which  is  boresighted  to  the  spectrometer. 

27-3  INTERFEROMETERS 

Figure  27-3  is  a  photograph  of  one  of  the  Michelson 
interferometers  and  its  associated  electronics.  The 
instrument  was  built  at  General  Dynamics  and  in¬ 
cludes  a  servo-controlled  mirror  drive  system  de¬ 
veloped  by  Idealab.  All  of  the  instruments  presently 
used  at  General  Dynamics  are  of  the  rapid-scan 
variety,  producing  up  to  20  scans  per  sec.  For  maxi¬ 
mum  time  efficiency,  a  triangular  mirror  sweep  motion 


Figure  27-3.  Interferometer  With  Control  and  Monitor 
Ficrtronirs 


is  used,  producing  identical  interferograms  in  the  two 
scan  directions.  The  actual  mirror  sweep  length  of 
this  instrument  is  adjustable  from  0.5  mm  to  1.0  cm. 
The  instruments  are  fitted  with  interchangeable  fore¬ 
optics  which  range  from  4  to  12  in.  in  diam.  The 
choice  of  external  optics  along  with  a  wide  choice  of 
detector  sizes  provides  instrument  fields  of  view 
ranging  from  1.5  mrad  to  10°. 

A  single  optical  cube  is  used  for  the  information 
channel,  a  laser  reference,  and  a  white  light  sync 
pulse  as  shown  in  Figure  27-4.  The  sync  pulse  is  used 


Figure  27-4.  Optical  Layout  of  Michelson  Interferometer 


to  locate  the  exact  center  of  the  interferogram  for 
coherent  averaging  of  successive  data.  The  laser 
provides  the  digitizing  clock  and  wavelength  reference. 
Combining  all  three  functions  into  a  single  cube 
simplifies  optical  alignment  of  the  instruments  and 
provides  a  maximum  of  compactness. 

The  instruments  are  generally  used  with  f/8  fore¬ 
optics  and  a  2-mm  sweep  length  for  the  lower  resolu¬ 
tion  work,  corresponding  to  about  5  cm-1.  An  f/1 
detector  lens  and  an  f/1  cold-shieided  detector 
operating  at  liquid  N 2  temperatures  form  the  re¬ 
mainder  of  the  system. 

A  summary  of  the  specific  characteristics  of  two 
of  the  most  frequently  used  interferometers  is  pre¬ 
sented  in  Table  27-1. 

One  of  the  more  difficult  problems  associated  with 
the  use  of  interferometers  in  a  field  environment  is 
the  ability  to  maintain  optical  alignment  over  ,.n 
extended  period  of  time.  Alignment  problems  can  be 
alleviated  somewhat  through  the  use  of  angle-in¬ 
sensitive  corner  reflectors  or  similar  devices;  however, 
this  ysually  increases  the  weight  and  size  of  the 
instrument  by  a  considerable  amount.  Figure  27-5 
shows  part  of  a  new  Michelson  interferometer  being 
developed  at  General  Dynamics.  It  features  a 
piezoelectric  mirror  alignment  scheme  coupled  with 
three  laser  reference  beams  and  phase-sensitive 
comparators.  Included  in  the  photograph  is  one  of  the 
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Table  27-1.  Specific  Characteristics  of  Two  General  Dynamics  Interferometers 


1 

) 

1 

! 

Unit  No.  1 

Unit  No.  2 

Spectral  Coverage 

Scan  Rate 

Spectral  Resolution 
Field  of  View 

Detectors 

Beam  Splitter 
Maximum  Sensitivity 

1.3  to  5.5  pm 

20/sec  maximum 

0.5  cm-1  to  20  cm-1 

1.5  mrad  to  10° 

InSb  (77°  K) 

InAs  (77°  K) 

Si  on  CaF2 

1 X 10-13  W  cm~2-pm 

3  to  16  pm 

20/sec  maximum 

0.5  cm-1  to  10  cm-1 

3  mrad  to  10° 
Hg-Cd-Te  (77°  K), 
Thermistor  (300°  K) 

Ge  on  NaCl 

5X10" 13  W  cm-2-pm 

♦ 
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» 
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Figure  27-5.  Optical  Cube  of  Interferometer  Using  an 
Optical  Alignment  Servo  System 


piezoelectric  transducers  used  to  position  the  non- 
driven  mirror. 

The  laser  is  split  into  three  beams  and  arranged  to 
form  an  equilateral  triangle  centered  about  the  main 
information  channel.  The  output  of  each  beam,  which 
is  modulated  by  the  scanning  interferometer,  is 
detected  by  a  silicon  photodiode.  As  shown  in  Figure 
27-6,  a  phase  comparison  is  made  between  two  of  the 
channels,  with  the  third  used  as  a  reference.  The 
phase  comparators  provide  an  output  voltage  that  is 
proportional  to  the  phase  difference  over  a  ±360° 
angular  error.  The  resulting  dc  voltage  developed  by 
any  phase  error,  which  corresponds  to  a  misalignment 
of  the  optical  cube,  is  amplified  and  applied  to  the 
appropriate  piezoelectric  transducer.  The  transducer 
is  capable  of  correcting  angular  errors  up  to  ±150 
arc  sec. 

The  system  maintains  optical  alignment  over 
extended  periods  of  time  and  also  during  the  scan, 
eliminating  optical  apodization  of  the  intcrferogram. 
In  addition,  the  mirror  alignment  system  relaxes  the 
rigid  requirements  normally  placed  on  the  mirror 


Figure  27-6.  Alignment  Servo  Block  Diagram  for  an 
Interferometer  Cube 


drive  system.  A  piezoelectric  mirror  drive  system  is 
also  being  developed  for  this  particular  interferometer 
in  an  effort  to  completely  eliminate  all  effects  intro¬ 
duced  by  the  vibration  encountered  in  field  environ¬ 
ments. 

Another  interesting  feature  of  this  cube  is  its 
ability  to  produce  modulation  of  the  path  difference. 
This  is  accomplished  by  superposing  a  small  high 
frequency  on  the  dc  voltage  that  controls  the  piezo¬ 
electric  transducers.  With  this  technique,  the  ii  or- 
ferometer  can  be  scanned  or  stepped  at  a  very  slow 
rate  without  being  subjected  to  the  problems  intro¬ 
duced  by  atmospheric  turbulence. 

27-4  DATA  ACQUISITION  PROCEDURE 

The  data  acquisition  and  reduction  procedure  is 
summarized  in  the  block  diagram  in  Figure  27-7.  For 
each  series  f  target  or  background  data,  a  calibration 
blackbody  is  also  recorded.  The  analog  interferogram 
is  converted  to  digital  form  and  recorded  on  a  wide¬ 
band  FM  tape  recorder.  Additional  data  such  as 
IRIG  timing,  radar  range,  and  meteorological  informa¬ 
tion  are  included  on  other  channels  of  the  recorder. 
At  the  conclusion  of  the  field  measurements,  the 
analog  tape  is  decoded  and  played  into  an  IBM  1800 
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computer.  Portions  of  the  data  to  be  analyzed  arc 
automatically  selected  by  the  I  Hid  search  and  control 
unit.  The  1*00  computer  product's  a  digital  tape  that 
is  compatible  with  the  larger  (' f )( '  .'1400  used  for  the 


Figure  27-7.  Data  Acquisition  and  Reduction  Procedures 
Block  Diagram 


actual  data  reduction  process.  Compensation  for  the 
nonlinear  response  of  the  optical  and  electrical  equip¬ 
ment  is  achieved  by  comparing  the  uncompensated 
spectrum  of  the  calibration  blackbody  with  Planck’s 
equation  for  blackbody  emission.  The  instrument 
resjxtnse  curve  derived  bv  this  process  is  used  to 
compensate  all  subsequent  spectra. 

The  correspondence  between  frequency  and  wave¬ 
length  is  established  through  the  laser  reference  and 
used  to  correctly  plot  the  abscissa  scale  for  all  data 
during  the  run.  The  ordinate  scale  is  automatically 
determined  for  the  calibration  and  the  data  by  pro¬ 
viding  the  computer  with  information  relating  to  the 
calibration  source.  The  calibration  blackbody  and 
instrument  response  curve  can  be  plotted  with  the 
data  and  used  to  analyze  the  performance  of  the 
instrument.  The  remaining  data  on  the  tape  are 
Fourier-transformed,  corrected  for  the  instrument 
res|M>nse,  assigned  abscissa  and  ordinate  scales,  and 
recorded  on  a  plotting  tupe.  The  plotting  tape  is 
used  in  a  digital  plotter  to  produce  the  final  s|>eetral 
signature.  The  final  spectrum  is  also  stored  on  a 
library  tape,  which  is  available  for  subsequent 
applications. 

27-5  HYBRID  DIGITIZER  SYSTEM 

Wideband  Fourier  spectroscopy  places  very  strong 
requirements  on  the  dynamic  range  of  the  recording 
system,  liven  for  low-resolution  sjM’etroscopy,  the 
dominant  source  of  noise  is  ta|ie  noise  if  analog 
recording  is  useu.  .  o  eliminate  this  source  of  noise, 
the  raw  output  of  tin'  instrument  should  be  immedi¬ 
ately  converted  to  digital  form  and  then  recorded. 


The  logical  decision  would  indicate  the  requirement 
for  a  pure  digital  system  whose  output  would  be  a 
computer-compatible  tape.  Most  field  data,  however, 
is  generated  at  rates  up  to  10  kHz,  and  the  instrument 
is  capable  of  even  higher  rates.  The  digital  system 
would  therefore  have  to  operate  at  30  kHz  or  higher. 
The  building  of  such  a  system  for  f:  ,  ld  use  is  presently 
not  feasible  because  of  high  cost  and  the  large  space 
requirements. 

The  hybrid  system  that  has  been  adopted  does 
avoid  previous  disadvantages  at  the  expense  of 
introducing  an  additional  processing  step  in  order  to 
obtain  a  computer-compatible  digital  tape.  The  flow 
chart  of  data  acquisition  is  shown  in  Figure  27-8. 


Figure  27-8.  Hybrid  Digital /Analog  Recording  System 
Block  Diagram 


The  center  three  boxes,  the  A/D  converter,  and  the 
two  digitul  interfaces,  are  packaged  together  as  shown 
in  Figure  27-9.  The  input  to  the  system  consists  of 
the  interferogram,  the  laser-produced  sine  wave  that 
serves  as  ‘he  external  clock  to  the  A/D  co  .  .erter, 
and  the  white  light  pulse.  The  interferogram  is 
sampled  by  i  15-bit  A/D  converter  whose  output  is 
transferred  to  interface  unit  No.  1.  The  white  light 
pulse  is  directly  encoded  into  a  voltage  level  detector 
in  the  first  interface.  The  binary  output  of  the  level 
detector  and  the  15-bit  sample  word  constitute  the 
10  bits  of  binary  information.  Interface  No.  1 
converts  the  binary  data  into  pulse-code-modulated 
(PCM)  form  and  this  information  is  recorded  on  a 
Hewlett-Packard  wideband  tape  recorder.  Out  of  a 
liossible  14  channels,  3  are  used  for  FM.  The  PCM 
data  (see  Figure  27-10)  are  immediately  reread  and 
passed  through  the  second  interface,  reconverted  into 
uii  analog  signal,  and  made  available  for  monitoring 
purjssses.  Consequently,  a  real-time  assessment  can 
be  made  on  the  quality  of  the  recorded  data, 


•* 


* 


* 


* 


277 


t 


♦ 


i 


* 


4 


Figure  27-9.  Hybrid  Digitizer  and  Associated  Electronics 
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Figure  27-10.  The  TKree-Channel  PCM  Format,  for  the 
Digitiied  Data 


27-4  DATA  PREPROCESSING 

Considerable  core  must  be  exercised  to  ensure  thnt 
interferograms  having  errors  are  removed  before 
coherent  averaging  or  subtraction  is  |>erformed.  In 
particular,  two  types  of  errors  should  be  compensated : 
(1)  shifting  of  the  wiiole  interferogram  due  to  the 
loss  of  a  sample  point,  or  (2)  a  digital  error  dcvcloj>ed 


by  incorrect  digital  recording.  Unfortunately,  neither 
error  is  easily  observable  in  the  interferograms.  To 
facilitate  the  removal  of  these  errors,  a  correlation 
algorithm  is  used.  Normally,  the  first  interferogram 
of  a  set  to  be  averaged  is  designated  as  a  reference. 
The  first  and  last  500  data  points  of  the  reference 
interferogram  and  the  equivalent  portions  of  all  other 
interferograms  are  used  to  generate  a  5-point  sym¬ 
metric  cross-correlation  function. 

A  typical  example  for  six  interferograms  is  shown 
in  Table  27-2.  The  units  are  in  terms  of  the  A/D 
converter.  The  first  line  is  the  autocorrelation  function 
and  the  center  value  is  the  variance;  consequent1;,-, 
the  rms  value  of  the  interferogram  at  this  region  is 
approximately  30  out  of  a  maximum  possible  value 
of  16,583.  Assuming  additive  white  noise,  the  rms 
noise  level  can  be  obtained  from  the  square  root  of 
the  difference  of  the  variance  and  the  peak  value  of 
the  cross-correlation  function,  which  is  approximately 
6.  In  this  particular  example,  a  1-point  shift  is 
observed  in  some  interferograms. 

In  a  second  computer  program,  the  interferograms 
are  shifted  to  bring  them  into  coincidence  and  then 
sequentially  subtracted  from  their  reference.  Any 
difference  between  interferograms  that  exceeds  a 
preset  level  based  on  the  rms  noise  level,  is  printed 
out.  If  a  digital  error  is  discovered,  it  is  either 
replaced  by  the  average  of  two  adjacent  points  or  tin1 
entire  interferogram  is  excluded  from  the  averaged 
set,  depending  on  the  particular  test  situation. 

27-7  SELECTED  EXAMPLES 

Figure  27-11  shows  4-  to  4.S-pm  soectra  of  a 
calibration  blackbody  source  taken  at  5  ft  and  at 
100  ft,  respectively.  The  observation  time  was  5  sec. 
The  resolution  is  better  than  1  cm-1  and  the  observ¬ 
able  noise  level  is  negligible. 

The  spectrum  of  the  hot  exhaust  of  a  typical  jet 
engine  is  shown  in  Figure  27-12.  The  aircraft  was 
located  at  200  ft  from  the  observation  point.  The 
atmospheric  absorption  lines  nre  supcr|)osed  on  the 
continuum  radiation  of  the  hot  C'Oj  gits.  Again, 
the  spectral  resolution  is  better  than  1  cm”1. 

The  last  example,  Figure  27-13,  shows  the  spectral 
distribution  of  two  spatiaMy  related  sky  backgrounds 
and  their  differences.  The  spectral  contrast  or  dif¬ 
ference  plots,  which  are  plotted  in  both  linear  and 
logarithmic  form,  arc  obtained  by  subtraction  at  the 
interferogram  level.  Data  of  this  tyjK>  are  used  for 
system  optimization  in  the  development  of  infrared 
seeker  and  search  devices.  The  resolution  of  this  data 
is  on  the  order  of  5  cm” 1 . 

27-8  CONCLUSIONS 

Fourier  sjjcctroscopv  can  be  successfully  used  in 
field  environments,  but  special  precautions  must  be 
taken  to  ensure  data  of  high  quality.  Solutions  to 
some  of  the  field-generated  problems  have  been 
presented  in  this  pa|>cr;  however,  more  effort  must  be 
made  in  the  area  of  instrument  development.  In 
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particular,  field-encountered  vibrations,  especially 
those  introduced  by  airborne  measurement  platfoims, 
can  be  detrimental  to  the  satisfactory  performance  of 
interferometers  as  they  are  now  designed.  Another 
area  requiring  attention  is  the  development  of  a  true 
real-time  high-resolution  data  reduction  facility  that 
can  be  used  directly  in  the  field.  As  new,  highly 
sophisticated  Fourier  systems  are  developed,  par¬ 
ticular  attention  must  be  devoted  to  operational 
reliability. 


;ure  27-12.  Spectrum  of  the  Hot  Exhaust  of  a  Typical 
i  Engine 
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Discussion 


Q.  (John  Rex,  A1CUL):  How  do  you  prevent  your  of  the  three  2-mm  laser  beams  is  split  into  two  equal 

J-phase  laser  parallelism  circuit  from  inadvertently  parts  et  the  detector.  The  phase  between  the  halves 

locking-in  on  the  wrong  fringe?  of  the  beam  is  measured  in  a  manner  similar  to  that 

A.  ((1.  \V.  Ashley,  General  Dynamics):  Kach  photo-  discussed  in  the  text,  and  is  used  to  reduce  any  large 

diode  is  actually  a  bicell  consisting  of  two  0.07f>-in.  by  misalignment  to  a  point  where  all  three  beams  are 

0.  loO-in.  detectors  separated  by  a  O.OOA-in.  gap.  Kach  within  a  360°  phase  error. 
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Abstract 


Man)’  objects  of  peat  interest  to  astronomers  have  emission  spectra  in  the  far 
infrared  spectral  region.  In  order  to  study  these  objects,  an  instrument  with  high 
throughput,  high  sensitivity,  and  high  spectral  resolution  is  required.  To  achieve 
maximum  sensitivity,  an  infrared  detector  must  be  cooled  to  liquid  helium  tem¬ 
perature  and  be  rugged  enough  to  operate  after  a  rocket  launrh  places  it  above 
the  earth's  atmosphere.  Because  of  its  compactness  and  mechanical  configuration, 
a  Michelson  interferometer  is  the  easiest  dispersing  device  to  cool,  although  severe 
problems  are  encountered.  The  solution  of  these  problems  is  discussed  in  this 
paper,  which  describes  the  construction  of  a  laboratory  prototype  liquid-helium- 
cooled  Michelson  interferometer  with  1  cm-1  resolution,  to  lx*  launched  on  an 
Aerobcc  rocket. 


28-1  INTtODOCTlON 

Many  problems  in  astronomy  remain  unsolved 
because  they  require  knowledge  of  the  spectral 
characteristics  of  various  astronomical  objects  in  the 
far  infrared  spectral  region.  Three  problems  are 
concerned  with  the  composition  of  the  interstellar 
medium,  its  cooling  and  heating  mechanisms,  and  its 
dynamic  processes.  These  subjects  relate,  in  turn,  to 
the  formation  of  protnstars.  the  nature  of  the  galactic 
nuclei,  and  ultimately  to  cxtrngalactic  objects  such  as 
Scyfert  galaxies  and  quasars.  To  study  these  problem 
areas  requires  instrumentation  capable  of  drtecting 
and  spectrally  characterising  radiation  from  weak, 
discrete  '•mission  sources  in  the  spectral  region  10  to 
1000  microns.  This  paper  describes  the  design  and 
construction  of  such  an  instrument .  a  liquid-helium- 
ctxiled  Michelson  interferometer  which  is  intended 
ultimately  to  be  flown  on  an  Acrobcr  130  rocket. 

♦  Now  C««Mftm(  flqiNrwt  OW  Anifi  tjorofn.  Mm*.  01774 


28-1.1  AOrooootkql  Objwthw 

The  emission  spectra  of  interest  to  astronomers  are 
expected  to  come  from  two  mam  *yp»s  of  sources: 
molecular  hydrogen  and  the  neutrals  and  ions  of 
C\  N".  O.  Nr.  Mg.  he.  J*i.  ami  S.  The  emission  from 
molecular  hydrogen  will  be  discusses!  first. 

Determining  the  abundance  of  molecular  hydrogen 
is  of  great  importance  to  astronomers  because  of  the 
effects  that  appreciable  amounts  of  hydrogen  have 
on  star  formation,  the  temperature  balance  of  the 
interstellar  medium,  and  the  total  mass  cont  nt  of  the 
galaxy.  Because  of  its  dipole  nature,  the  only  allowed 
transitions  fur  molecular  hydrogen  are  electronic 
transitions,  which  occur  in  the  ultraviolet  (Spit ter. 
Dtesler  and  Vpton.  |!tt»4).  1  It  should,  however,  be 
possible  to  detect  the  quadruple  rotational  transition 
pH*(J ■» 2)— *pJ!j(J  »0)  at  X**2S,17 g.  This  radiation 
is  expected  from  interstellar  clouds  in  the  galactic 
plane  (Takaynnngi  and  Xbhimura.  Httil)5  and  from 
collapsing  p'otustars  in  the  galartir  jdane  (Gould, 


Table  28-1 


Radiating 

Species 

Location  of  Source 

Wavelength 

(m) 

Radiance 

(W/cm2-sr) 

Flux  at 
Earth 
(W/cm2) 

II:;  molecule 

Interstellar  clouds  iri  the  galactic  plane* 

28 

4.7X10-11 

ID  molecule 

Collapsing  protostars  in  the  galactic  planef 

28 

3X10-16 

Cl  I 

Shockfront  between  interstellar  clouds** 

156 

10~13 

01 

Shockfront  between  interstellar  clouds** 

63 

10"'' 4 

or v 

Planetary  nebulaft  NGC  7027 

26 

4X10-15 

*  Takayanagi  and  Xishinmra  (I9602  with  hydrogen  density  ntH*)*  10“2  cm"3 
f  Gould  ( 196o) 3 

**  Field,  Rather,  Aanstead,  and  Orsag  (1968) 4 
tt  Delmer  and  Gould  (1967) 5 


1964). 3  The  expected  radiance  of  these  sources  and 
their  flux  at  the  earth  are  presented  in  Table  28-1. 

Emission  from  the  forbidden  fine-st.ructure  mag¬ 
netic  dipole  transitions  of  the  ground  states  of  the 
neutrals  of  C,  X,  0,  Xe,  Mg,  Fe,  Si,  and  S  occurs  in  the 
far  infrared  spectral  region.  This  radiation  is  con¬ 
sidered  to  be  an  important  source  of  cooling  of  inter¬ 
stellar  clouds  that  have  been  heated  by  inelastic 
cloud-cloud  collisions  (Field,  Rather,  Aansteac  and 
Orzag,  1968). 4  Radiation  from  these  species  is  also 
an  important  source  of  infrared  emission  from  plane¬ 
tary  nebulae  (Delmer  and  Gould,  1967). 5  The  flux 
expected  at  the  earth  from  these  sources  is  listed  in 
Table  28-1.  Gillett  and  Stein  (1969)fi  found  that  the 
Xell  line  at  12.8 ju  of  the  planetary  nebula  IC  418 
has  a  flux  of  2.1X10'17  W/cm2  at  the  earth  with  a 
continuum  flux  of  6.1  X10~17  W/em2-/*.  This  last 
observation  has  dem  nstrated  the  value  of  infrared 
spectral  measurements  in  determining  the  composition 
and  physical  conditions  in  planetary  nebulae. 
Petrosian  and  Bshcall  (1969)7  have  examined  and 
rejected  the  possibility  that  redshifted  emission  fro  ■> 
these  species  might  be  responsible  for  the  universal 
3°K  background  radiation.  This  type  of  emission 
may,  however,  be  responsible  for  the  large  IR  fluxes 
observed  in  the  center  of  our  own  galaxy. 

28-2  CHOICE  OF  INSTRUMENTATION 

From  Section  2S-I.I  it  can  be  seen  that  the  objects 

interest  are  faint  sources.  Even  at  balloon  altitudes, 
atmospheric  radiation  is  many  orders  of  magnitude 
greater  than  radiation  from  th°  astronomical  objects. 
Also,  the  opacity  of  the  earth’s  atmosphere  renders 
the  greater  part  of  the  fa;  infrared  spectral  region 
inaccessible  to  observers  from  the  ground. 

Because  of  the  faintness  of  the  sources,  detectors  of 
the  highest  sensitivity  are  required.  Theoretically, 
the  sensitivity  of  a  detector  exposed  to  background 
radiation  at  its  own  temperature  is  proportional  to 
7'1  (Putley,  1964)  H  It  is  therefore  extremely  im- 
jMtrtant  to  maintain  such  i  detector  at  the  lowest 
possible  temperature  and  to  t  .elude  all  possible 
sources  of  external  radiation.  Thus,  to  prevent  spectral 


and  thermal  contamination  from  the  earth’s  atmos¬ 
phere  it  is  important  to  make  the  desired  observations 
above  the  atmosphere.  Although  the  total  observing 
time  is  relatively  short  (approximately  5  min),  a 
sounding  rocket  is  an  acceptable  vehicle  for  many  of 
the  observations  discussed. 

High  spectral  resolution  is  required  to  detect  and 
discriminate  the  emission  lines  against  the  back¬ 
ground  radiation.  Since  most  of  the  objects  discussed 
are  interstellar  clouds  whose  random  velocities  of 
about  ±6  km/sec  would  cause  Doppler  broadening 
c."  the  emission  lines,  no  lines  of  widths  less  than  ap¬ 
proximately  0.004  cm-1  should  be  expected.  In  the 
case  of  radiation  from  molecular  hydrogen,  Taka- 
yanagi  and  Xishimura  (1961)2  have  shown  that  for  a 
density  n(H2)>10-2  cm-3,  a  resolution  of  about 
An  =  l  cm"1  is  sufficient  to  detect  the  emission  lines 
in  the  presence  of  the  expected  thermal  bremsstrah- 
lung  background. 

High  throughput  8  (9=SlS,  where  S  is  the  area  of 
the  aperture  or  entrance  pupil,  and  $2  is  the  solid 
acceptance  angle)  is  required  because  of  the  extent 
of  the  sources  and  to  --ompensate  for  the  poor  pointing 
accuracy  of  the  rockets.  Grating  instruments  lack 
throughput  require  a  large  volume,  and  have  severe 
order-sorting  requirements  in  the  spectral  region  of 
interest.  Both  double-beam  interferometers  (typified 
by  the  Michelson  interferometer)  and  multiple-beam 
interferometers  (typified  by  Fabry-Perot  interferom¬ 
eters)  are  compact  and  have  a  large  throughput 
(Jacquinot  and  Girard,  1967). 9  For  a  given  through¬ 
put,  the  half-angle  of  rays  is  the  same  whether  crossing 
the  Fabry-Perot  or  the  Michelson.  The  entrance 
diameter  will  therefore  be  the  same  for  both.  Because 
of  their  similarities,  both  types  of  instruments  were 
considered  for  the  observations. 

The  greatest  advantage  oj  a  Michelson  is  that  it  can 
be  used  for  spectral  scanning.  It  can  also,  as  wiil  be 
discussed  later,  be  used  for  detecting  discrete  line 
emission.  Its  beam  splitter  requirements  are  not  as 
severe  as  those  of  a  Fabry-Perot,  and  it  requires 
essentially  very  little  predispersing.  It  is  possible 
to  scan  a  Fabry-Perot  spectrometer  by  stacking 
several  scanning  etalons  in  series  as  in  the  PEPSIOS 


2S3 


(photoelectric  etalon  pressure-scanned  interfero¬ 
metric  optical  system)  configuration,  but  such  an  ar¬ 
rangement  is  neither  simple  nor  compact  and  would 
be  very  difficult  to  cool  (Mack,  McNutt,  Roesier, 
and  Chabbal,  1963). 10 

The  chief  advantage  of  a  Fabry-Perot  is  that  it  has 
the  highest  resolution  of  any  dispersive  device.  The 
resolution  of  a  Fabry-Perot  is  Av»l/(B5),  where  B 
is  the  beam  retardation  (twice  the  mirror  separation) 
and  5  is  the  finesse 


5=v\R/{l-R). 


The  resolution  of  a  Michelson  is  Hence,  if 

the  reflectivity  R  of  the  beam  spiitter  is  low.  and  the 
finesse  consequently  small,  the  performance  of  % 
Michelson  differs  little  from  that  of  a  Fabry-Perot 
interferometer.  The  precision  of  alignment  and 
scanning  motions  of  a  Fabry-Perot  is  about  5  times 
that  required  for  a  Michelson. 

The  finesse  of  a  Fabry-Perot  is  determined  by  the 
reflectivity  of  the  beam  splitter,  which  thus  becomes 
a  very  crucial  component.  Dichroic  beam  splitters 
have  been  developed  for  wavelengths  out  to  30  /* 
(Heinrich,  Bastien,  Dos  Santos  and  Ostrelich,  I960),11 
but  such  beam  splitters  have  not  been  made  for 
wavelengths  beyond  30  /*  because  no  suitable  mate¬ 
rials  are  available. 

For  the  longer  wavelengths,  Fabry-Perots  featuring 
metal  grating  and  grid  beam  splitters  have  been 
developed.  Lewis  and  Casey  (1952) 12  and  Casey 
and  Lewis  (1952) 13  developed  the  theory  for  re¬ 
flective  metal  gratings  and  Fabry-Pemts  made  with 
these  gratings.  They  showed  that  a  lossless  grating 
with  g/a= 10,  where  a  is  the  radius  of  the  grating 
wires  and  g  the  grating  constant,  would  have  a 
reflectivity  of  R  =  83  percent  at  \/g  =  2  and  should 
give  a  Fabry-Perot  of  finesse  5  =  16.8.  At  30  ft,  a 
grating  with  these  characteristics  would  have  to 
have  g  =  \bn  and  0  =  1.5/*,  which  is  beyond  the 
present  state  of  the  art. 

Renk  and  Genzel  (1962) 14  have  made  nickel  grids 
with  0  =  50/*  and  a -6  ft-  These  grids  have  a  re¬ 
flectivity  of  R  —  56  percent  at  \/g  =  2  and  should  give 
5=5.3,  but  interference  filters  made  of  these  grids 
do  not  achieve  the  expected  finesse  because  of  me¬ 
chanical  support  problems. 

Renk  and  Genzel  (1962) 14  derived  approximate 
formulas  for  the  finesse  of  a  Fabry-Perot  having 
metal  grids  and  showed  that  5«:A.2.  Although  the 
finesse  would  hence  be  expected  to  increase  at  the 
longer  wavelengths,  it  is  doubtful  that  grids  with 
g=- 15  ft  and  a  =  1.5/*  can  be  made  at  the  present 
time.  Since  it  is  thus  unlikely  that  a  Fabry-Perot 
interferometer  can  be  made  to  have  a  finesse  greater 
than  5  over  an  appreciable  portion  ot  the  far  infrared 
spectral  region,  anc  suitable  order-sorting  filters  are 


unavailable,  the  Fabry-Perot  interferometer  was 
rejected  in  favor  of  the  Michelson  interferometer  as 
the  most  appropriate  instrument. 

28-3  THE  MICHELSON  INTERFEROMETER 

The  necessity  of  cooling  the  interferometer  can  be 
appreciated  by  comparing  the  radiant  emittance  of 
the  instrument  at  various  temperatures  with  the 
irradiance  expected  from  the  astronomical  sources 
mentioned  in  Section  28-1.1.  At  100/*,  the  radiant 
emittance  from  the  interferometer  would  be 
6.4X10"7  W/cm2-cm-1  at  a  temperature  of  77°K, 
whereas  at  5°K  it  would  be  1.2X10" 18  W./cm2-cm"!. 
(An  emissivity  of  1  is  assumed  in  each  case.]  Below 
5°K,  therefore,  radiation  from  the  spectrometer  will 
not  be  restrictive  on  the  measurements.  Also,  as 
mentioned  in  Section  2S-2,  the  performance  of  a 
thermal  detector  is  theoretically  a  i  unction  of  T%; 
thus,  if  the  geometry  and  spectral  filtering  are 
equivalent,  a  detector  exposed  to  4CK  radiation  would 
be  1.GX103  times  as  sensitive  as  one  exposed  to 
77°K  radiation.  In  practice,  however,  this  entire  gain 
is  not  realized  because  most  cryogeoicallv  celled 
bolometers  are  operated  with  cooled  radiation  shields 
and  filters.  Cooling  the  entire  interferometer  to  4°K 
places  severe  requirements  on  the  interferometer 
alignment,  beam  splitter,  and  drive  mechanism. 

28-3.1  The  Beam  Splitter 

Double-beam  instruments  are  usually  operated 
in  the  Michelson  or  lamellar  configuration.  Lamellar 
grating  instruments  are  nondegenerate  (and  so  half 
the  radiation  is  not  lost)  but  they  lack  throughput; 
they  are  also  bulky,  hard  to  cool,  and  diffraction- 
limited  to  wavenumbers  less  than  v-F/sg  (where  V 
is  the  focal  length  of  the  collimating  mirror,  s  the  slit 
width,  and  g  the  grating  constant).  To  avoid  these 
problems,  the  Michelson  configuration  was  chosen. 

The  most  critical  component  of  a  Michelson 
interferometer  is  the  beam  splitter.  Beam  splitters 
featuring  dielectric  coatings  on  thick  substrates  at 
wavelengths  up  to  30/*  have  been  discussed.  At  the 
longer  wavelengths,  Si  and  Ge  could  be  used,  but  there 
would  be  important  Fresnel  reflection  losses  to  over¬ 
come.  Polyethylene  0.020-in.  thick  would  cover  the 
spectral  range  but  would  not  remain  flat  over  a  2- 
to  4-in.  aperture.  Solid  substrates  also  require  a 
compensation  plate — a  further  complication. 

Vogel  and  Genzel  (1964) 15  have  studied  the  trans¬ 
mission  and  reflection  of  metallic  meshes  in  the  far 
infrared  as  a  function  of  polarization  and  angle  of  the 
incident  beam.  For  an  ideal  beam  splitter  the  product 
RT  should  be  0.25  and  the  efficiency  would  be  100 
percent.  For  a  normal  unpolarized  beam,  a  grid 
begins  to  become  effective  as  a  beam  splitter  at 
\/g>  1.  At  2,  a  grid  is  effectively  100  percent 
efficient.  At  A/p> 3  the  efficiency  of  a  lossless  grating 
becomes  less  than  20  percent.  When  a  grid  is  inclined 
at  45°  and  polarized  light  is  incident,  severe  dis¬ 
ruptions  of  the  efficiency  of  the  beam  splitter  occur 
between  1  <  \/y  <  2.  Thus,  the  effective  spectral 


range  of  a  grid  beam  splitter  is  reduced  to  approxi¬ 
mately  2<X'j/<3.  The  shorter  wavelengths  would 
require  meshes  finer  than  any  yet  fabricated.  It  is 
doubtful  that  such  fine  meshes  could  be  stretched  to 
maintain  the  desired  flatness  for  apertures  over  2  in. 

Thin  dielectric  j»ellicles  have  many  advantages. 
They  are  easy  to  fabricate,  require  nc  compensating 
plates  and  are  almost  as  efficient  as  metal  meshes 
(Richards,  l IX >4)."'  Complications  do  arise,  however, 
because  pellicles  have  a  finite  thickness  that  in  effect 
makes  them  solid  l’abry-Perot  interferometers  with 
their  own  channel  spectra.  The  transmission  T  of  such 
a  pellicle  at  a  wavenumber  v  is  given  by 


T  = .l/0[4  —  i  cos  (4irnx  cos  av)],  (28-1) 


where  M0  is  the  modulation  efficiency,  ti  the  refractive 
index  of  the  material,  x  the  thickness  of  the  mateiial, 
and  a  the  angle  of  incidence.  The  modulation 
efficiency 


Mo  =  ‘2(R,T,-i-RpTp), 


where  R„T,  and  RP,T p  are  the  fraction  of  the  in¬ 
tensity  of  the  incident  beam  reflected  and  transmitted 
for  perjwndicular-  and  parallel-polarized  light,  re¬ 
spectively;  R„RP  and  T„TP  are  obtained  from  the 
Fresnel  formulas  (Born  and  Wolf,  1964). 17  Where 
Mylar  has  a  refractive  index  of  1.72,  M0- 0  640.  This 
is  near  the  maximum  possible  value  of  M0  {M0  is 
presented  here  on  the  basis  that  for  perfect  sine  wave 
modulation.  Mq-  1). 

To  determine  if  Mylar  would  function  adequately 
at  the  low  temperatures  required,  a  program  was 
undertaken  to  measure  characteristics  of  Mylar. 
Pellicles  were  stretched  by  placing  a  sheet  between 
two  Viton  O-rings,  which  were  displaced  outward  as 
two  conical  facing  rings  were  tightened.  Various 
cements  were  used  in  attempts  to  fasten  the  stretched 
pellicle  to  a  metal  support  ring.  All  were  abandoned 
ir.  favor  of  compressing  the  stretched  pellicle  between 
two  optically  flat  metal  surfaces.  It  was  found  that  a 
template  could  be  placed  on  the  stretched  pellicle  to 
indicate  the  desired  position  of  holes  for  clamp  bolt" 
and  a  light  pipe,  and  that  these  holes  could  be  melted 
into  the  mylar  with  a  soldering  pencil  without  affect¬ 
ing  the  figure  of  the  pellicle  or  causing  any  tearing. 

The  sag  under  gravity  for  a  horizontal  film 
stretched  on  a  4-in.-diameter  frame  to  about  £  the 
yield  strength  of  Mylar  was  found  to  be  only  about 
0.3  p,  which  can  be  tolerated  even  for  an  instrument 
used  on, the  ground.  The  surface  tension  of  films  of 
different  thicknesses  was  measured  by  deflating  the 


pellicles  to  a  given  radius  of  curvature  and  then 
measuring  the  required  pressure  differential.  Thus, 
T  =  R(P/'2),  where  R  =  radius  of  curvature,  and 
P  =  pressure.  Table  28-2  summarizes  the  findings  on 
two  films. 


Table  28-2 


Thickness 

Pressure 

Surface  Tension 

Flatness 

(in.) 

(psi) 

(lb/in.) 

(m) 

0.00100 

3430 

3.43 

0.58 

0.00015 

6670 

1.00 

0.73 

Each  film  was  cooled  several  times  to  77°K.  At 
this  temperature  the  surface  tension  increased, 
because  the  coefficient  of  expansion  of  Mylar  exceeds 
that  of  the  aluminum  frame.  Films  at  the  low  tem¬ 
perature  were  observed  to  be  more  resistant  to  denting 
by  a  sharp  object.  As  soon  as  a  film  was  immersed  in 
liquid  nitrogen,  its  surface  tension  decreased  by  an 
estimated  10  percent,  and  it  remained  at  this  level 
unchanged  by  subsequent  immersions.  These  results 
were  later  found  to  be  in  agreement  with  the  findings 
of  the  Air  Force  Materials  Laboratory  (1968). 18 

28-3.2  Interferometer  Design  Considerations 

Once  it  has  been  determined  that  Mylar  beam 
splitters  over  4  in.  in  diameter  could  be  used,  work 
was  undertaken  to  establish  the  configuration  of  the 
dewar,  telescope,  and  interferometer.  In  designing  the 
interferometer  system,  the  throughput  6  of  four 
elements  had  to  be  matched.  If  S  is  the  aperture  area, 
then  9a  =  2tt<S(1—  cos  a  a),  where  aA  is  the  aperture 
half-angle.  The  resolution  of  a  Micnelson  deteriorates 
as  the  incident  beam  is  decollimated.  If  the  half¬ 
angle  of  the  beam  is  an,  then  an  =  (2/ R'ft,  where 
R^v/kv  (Vanasse  and  Sakai,  1967). 19  One  of  the 
limiting  elements  is  the  detector.  The  maximum 
practical  size  is  5X5  mm.  Also,  the  maximum 
acceptance  half-angle  is  approximately  60°.  For  a 
resolution  of  100,  aK< 7.85°.  The  pointing  accuracy 
of  a  rocket  spectrometer  with  inertial  guidance  is 
±  4°.  Thus,  a  a  =  5°  should  be  adequate.  The  through¬ 
put  of  3.7.r>-in.-diam.  collecting  optics  with  a  half 
angle  of  f>°  is  $A  =  1  706  cm2-ster.  If  the  radiance  of  the 
molecular  hydrogen  cloud  is  4.7X10_U  W/cm2-ster 
and  the  noise  equivalent  power  ( NEF )  of  the  detector 
is  10“ 14  W,  then  S/N  -H0.2,  allowing  for  a  system 
efficiency  of  0.1.  Since  this  signal-to-noise  ratio  is 
adequate  for  the  measurement,  the  interferometer 
may  be  buiit  with  the  entrance  aperture  as  the  inter¬ 
ferometer  back  mirror.  As  will  be  seen,  this  results 
iri  a  very  compact  easy-to-cool  system. 

One  of  the  severest  problems  in  making  a  liquid-He- 
cooled  interferometer  is  to  design  the  scan  mechanism 
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for  the  moving  mirror.  The  mirror  must  be  capable 
of  moving  2  cm  while  maintaining  parallelism  of  its 
surface.  To  avoid  the  use  of  bearings  and  lubricants, 
we  developed  a  four-sided  support  that  used  spring 
strips  and  roller!  to  position  the  mirror.  To  test  the 
device,  a  Ile-Ne  laser  was  used  to  produce  Fizeau 
fringes  between  a  mirror  and  the  beam  splitter. 
Parallel  motion  was  maintained  over  2  cm  of  travel 
to  within  5  fringes  per  cm.  It  was  later  determined 
that  ‘low  micron  size’  tungsten  diselenide  powder 
made  a  good  cryogenic  lubricant,  and  we  developed  a 
linear  bearing  consisting  of  rows  of  ball  bearings  re¬ 
tained  in  a  race  surrounding  a  cylindrical  shaft  of 
hardened  steel. 


motor  plate.  The  dewar  has  a  helium  capacity  of 
25  i  and  a  hold  time  of  approximately  12  hr. 

Temperature  in  the  dewar  is  controlled  by  monitor¬ 
ing  the  overpressure  and  using  platinum  and  carbon 
thermometers  at  various  locations.  Radiation  shields 
inserted  in  the  entrance  cylinder  are  kept  in  thermal 
contact  by  beryllium-copper  spring  strips.  These 
shields  can  be  seen  in  Figure  28-2,  which  is  a  photo¬ 
graph  of  the  disassembled  dewar  including  the  light 
baffles  that  are  inserted  in  the  vacuum  space  in  front 
of  the  interferometer.  One  baffle  is  maintained  at 
liquid-nitrogen  temperature  and  the  other  at  liquid- 
helium  temperature,  A  light  pipe  passes  through  both 
baffles,  with  a  rotating  filter  wheel  at  the  cold  end. 


28-4  DESCRIPTION  OF  THE  INTBtFROMETER 

The  dewar  vessel,  designed  by  Cryonetics  Corp. 
and  built  by  Janis  Corp.,  is  shown  in  cross  section  in 
Figure  28-1.  Its  dimensions  were  made  to  match 


Figure  28-1.  Cutaway  Drawing  of  the  Dewar  Vessel 
(Access  to  the  dewar  is  obtained  by  removing  the  bottom  pan 
and  each  of  the  mounting  plates  in  turn.  The  adjusting  shafts 
are  pulled  back  from  the  interferometer  cube  once  adjustment 
has  been  made.) 


rocket  dimensions  as  closely  as  possible,  with  one 
exception:  the  laboratory  prototype  used  liquid 
nitrogen  and  a  vacuum  space  to  insulate  the  liquid 
helium;  in  the  flight  mor'el  the  nitrogen  would  be 
replaces  with  super  insulation. 

In  the  laboratory  dewar,  the  nitrogen  extends 
above  and  below  the  helium  space.  The  bottom  of  the 
nitrogen  space  is  terminated  with  a  removable  piute 
which  shields  a  helium  temperature  piute  from  the 


Figure  28-2.  The  Dewar  Vessel,  Disassembled 
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The  interferometer  cube  is  shown  in  cross  section 
in  Figure  2X-3,  and  as  assembled  on  the  interferometer 
mounting  plate  in  the  photograph  in  Figure  2.S-4. 
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Figure  28-3.  Cutaway  Drawing  of  the  Interferometer 
Cube  (radiation  enters  the  instrument  from  the  top) 


Figure  28-4.  Photograph  of  the  Interferometer  Block 
(thermometer  attached) 


The  vacuum-qualified  stepping  motor  is  geared  to 
operate  a  screw  that  pulls  on  a  thin  stainless  steel 
wire;  the  motor,  its  gears,  and  screw  mechanism  are 
attached  to  the  room-temperature  motor-mount 
plate.  A  stepping  motor  is  used  because  of  the  ease 
with  which  it  can  bo  programed  and  because  pulses 
from  the  stepping  indexer  can  be  used  to  control  signul 


sampling.  A  linear-position  transducer  is  used  to 
indicate  coarst  lositions  of  the  movable  mirror. 

The  interferometer  cube  is  made  in  two  almost 
identical  sections  divided  at  the  diagonal.  The  inter¬ 
ferometer,  bearing  support,  and  attaching  hardware 
are  all  machined  of  the  same  type  of  aluminum, 
annealed  several  times  by  hot  and  cryogenic  cycling 
before  and  after  machining.  Each  half  of  the  inter¬ 
ferometer  cube  is  polished  optically  flat  across  the 
diagonal  face  so  that  it  can  serve  as  a  clamp  for  the 
Mylar  beam  splitter.  When  the  interferometer  cube  is 
assembled,  the  pellicle  is  stretched  and  perforated  as 
explained  earlier,  the  two  sections  are  bolted  together 
surrounding  the  Mylar,  and  then  they  are  cut  from 
the  stretcher  and  trimmed. 

All  the  mirror  surfaces  are  electroformed  and  gold- 
coated.  The  concave  mirror  that  focuses  the  radiation 
is  spherical  and  approximately  //0.4,  The  focused 
radiation  is  incident  upon  the  surface  of  a  cylindrical 
light  pipe  6  mm  in  diameter  and  square  in  cross  section 
at  the  detector  end  to  match  the  5  mm  by  5  mm 
detector. 

The  light  pipe,  electroformed  over  a  mandrel  and 
then  gold-plated,  does  not  touch  the  detector  but  is 
butted  loosely  against  the  detector  block  in  a  way 
that  will  ensure  tight  contact  at  He  temperatures.  It 
passes  through  the  adjustable  plane  mirror,  which  is 
mounted  in  a  ball-and-socket  arrangement  and 
adjusted  by  means  of  four  opposing  screws  placed 
around  the  periphery  of  the  mirror  mount. 

The  detector  is  a  Texas  Instrument  Ga:Ge 
bolometer  specially  doped  to  perform  optimally  at  the 
3°K  space  background.  I*  is  mounted  inside  a  chamber 
in  a  copper  block,  which  is  in  turn  attached  to  a 
copper  pillar  suspended  from  the  helium  dewar  and 
mounted  between  four  mirror  adjustment  shafts. 

The  four  long  shafts,  provided  for  adjusting  the 
mirror  angle,  enter  the  dewar  vacuum  space  through  a 
Viton  O-ring  seal.  They  then  pass  through  two  orifices, 
one  copied  to  liquid-nitrogen  temperature,  the  other 
being  in  the  liquid-helium  heat  shield.  Thermal 
contact  is  made  by  strips  of  beryllium-copper  spring 
that  surrounds  these  orifices. 

In  operating  the  interferometer,  the  desired  fringe 
pattern  is  achieved  by  adjusting  the  mirror-positioning 
screws,  using  sodium  D  light  at  room  temperature. 
Next,  the  entire  instrument  is  cooled  to  liquid- 
nitrogen  temperature,  and  readjusted.  The  shafts 
are  then  pulled  back  from  contact  with  the  inter¬ 
ferometer  cube  so  as  to  eliminate  a  thermal  leakage 
path.  It  was  found  that  once  the  interferometer  has 
been  adjusted  at  the  nitrogen  temperature,  it  remains 
adjusted  through  the  helium  temperature  cycle.  In 
flight  operation,  the  mirror  would  be  adjusted  by 
remote  control. 

The  moving  retardation  mirror  is  attached  to  the 
previously  described  bearing  and  is  forced  toward  the 
beam  splitter  by  a  coil  spring.  The  screw  translating 
mechanism  is  attached  to  the  mirror  by  a  thin  stain¬ 
less-steel  wire  that  passes  through  the  liquid-nitrogen 
temperature  plate.  The  motor  can  be  operated  to 
accomplish  two  types  of  scan  modes;  a  repetitive  rapid 
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scan  mode  through  zero  retardation  for  scanning  an 
entire  spectrum,  or  a  scan  mode  that  avoids  the  zero 
retardation  position  when  used  as  a  single  line  detector. 

Foskett  and  Weinberg  (1969) 20  have  shown  how  a 
Michelson  interferometer  can  be  used  as  a  detector 
of  discrete  line  radiation  and  how  when  used  in  this 
mode  it  can  discriminate  against  background  radia¬ 
tion.  Such  use  takes  advantage  of  the  fact  that  the 
Fourier  transform  of  an  emission  line  is  a  sine  or 
cosine  function,  which  can  be  detected  by  means  of 
a  synchronous  amplifier  without  the  complexity  of  a 
chopper  mechanism,  a  considerable  advantage  when 
the  interferometer  is  cooled  to  helium  temperature. 
Some  complication  arises  because  the  sine  wave  is 
modulated  by  the  apodization  function,  but  if  the 
instrument  is  not  scanned  through  zero  retardation, 
background  radiation  is  strongly  discriminated.  The 
output  of  a  Michelson  is  given  as  a  function  of  time  by 


G,=  r  I(v)R{v,t)dv,  (28-2) 

Jo 


where 


R(y,  t)  =cos  [2irv(Bo+it>)+2wvx  cos  (2irfxt-\-\p)], 

(28-3) 


with  Bo  the  mean  retardation,  x  the  mean  mirror 
excursion  distance,  fx  the  mirror  frequency,  and  ^ 
representing  errors  in  the  mirror  retardation  and  syn¬ 
chronous  demodulator.  The  Fourier  expansion  of 
Eq.  (28-2)  is 


G(t)  “4r+2j  (°p  008  2irpft+bp  sin  2t pft),  (28-4) 

*  p 


where  ap  and  b„  are  the  Fourier  coefficients. 
If,  for  a  monochromatic  source, 


I(V)-I06(V-V0),  (28-5) 


then  it  can  be  shown  that 


cp"2J p(2tvox)  sin  (p  >  (28-0) 


where  cp  =  (ap2+bp2)^,  and  Jp  is  the  familiar  Bessel 
function  of  integer  order;  cp  maximizes  the  odd  har¬ 
monics  that,  with  good  phase-sensitive  detection,  will 
give  the  strength  of  the  line  of  interest  as  a  simple 
output  signal. 

If  a  complete  spectral  scan  is  desired,  the  instru¬ 
ment  can  be  operated  in  a  rapid-scan  mode.  This 
mode  also  requires  no  chopping.  Rapid  scanning 
yields  the  interferogram  in  a  short  time,  thus  greatly 
reducing  the  effects  of  pointing  errors.  Requirements 
for  the  amplitude  capability  of  the  telemetry  can  also 
be  greatly  reduced  because  the  individual  inter- 
ferograms  can  be  accumulated  on  the  ground  and 
then  summed,  and  any  1//  noise  in  the  detectors  or 
electronics  will  be  greatly  reduced. 

The  scan  rate  required  can  be  determined  as  follows. 
The  fringe  passage  frequency  /»  at  some  wavenumber 
v  is  given  by 


f,  =  v(B/t) 


where  B  is  the  retardation  and  t  is  the  scan  time.  If 
v  =  357.1  cm-1  at  28 p  and  B  is  1  cm,/,  =  71  Hz  for  a 
scan  time  of  5  sec.  Generally,  f,  should  not  be 
greater  than  2ir/t0  where  t0  is  the  time  constant  of  the 
detector  (in  the  case  of  Ga:Ge  bolometers, 
fo  “40  msec).  Thus,  },  should  not  exceed  80  Hz. 
A  5-sec  scan  time  will  allow  60  interferograms  to  be 
averaged  during  a  5-min  observing  period,  or  ap¬ 
proximately  50  sec  of  observing  time  per  spectral 
element,  which  is  greater  than  required  to  attain  the 
S/N  indicated  earlier. 

In  laboratory  use  the  instrument  was  precooled 
with  liquid  nitrogen,  which  was  removed  from  the 
helium  space  by  pressurized  dry  nitrogen  gas.  This 
space  was  then  filled  with  liquid  helium  which  was 
pumped  over  by  a  70  m3/hr  Heraeus  pump  ballasted 
with  a  30-gal  tank  to  prevent  pump  noise  from  affect¬ 
ing  the  detector.  The  pressure  was  reduced  until 
the  lambda  point  of  helium  was  reached. 

All  attempts  to  use  the  Ga:Ge  bolometer  to  obtain 
an  interferogram  at  liquid-helium  temperature  were 
unsuccessful.  The  extreme  doping  given  the  detectors 
to  optimize  their  performance  with  a  space  back¬ 
ground  caused  them  to  saturate  for  nil  source  and 
filter  combinations  tried.  They  functioned  properly 
only  when  all  external  radiation  sources  were  blocked 
by  an  aluminum  plate.  l  <uMK.ioning  of  the  inter¬ 
ferometer  was  therefore  verified  by  visual  evaluation 
of  fringe  patterns  produced  by  a  Xa  lamp  and  a 
loser  before  and  after  cycling  the  mirror  transport 
mechanism  at  liquid-helium  temperatures.  Room 
temperature  interferograms  were,  however,  obtained 
by  using  n  thermocouple  and  various  filters.  An 
unfiltered  raw  interferogram  mude  over  a  2-cm  scan 
is  shown  in  Figure  28-5.  The  slant  of  the  interfero¬ 
gram  indicates  a  change  in  modulation  efficiency  over 
the  scan . 
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28-5  COMMENTS 

A  liquid-helium-cooled  Michelson  interferometer 
has  been  constructed  and  tested.  Solutions  to  the 
three  problem  aiea3  of  beam  splitters,  mirror  drive 
and  lubrication,  and  interferometer  adjustment  and 
alignment,  have  been  achieved.  Development  of  a 
flight  instrument  is  considered  feasible. 


m 


•* 


Figure  28-5.  Interferop-am  of  a  Thermal  Source  Obtained 
With  the  Interferometer  anil  a  Room-temperature  Detector 
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Abstract 


Mechanical,  cryogenic,  optical,  and  electronic  design  details  of  a  high-resolution 
Michelson  interferometer  constructed  for  operation  at  cryogenic  temperatures  fire 
presented.  The  merits  and  problems  of  multiplex  spectroscopy  under  reduced 
background  flux  conditions  and  the  resulting  enhanced  detectivity  are  reviewed. 
Anticipated  sensitivities  to  extended  sources  and  astronomical  point  sources  when 
the  interferometer  is  equipped  with  a  cooled  telescope  are  also  discussed. 

This  work  was  supported  by  NASA  under  Contract  No.  NAS9-9807. 


It  is  well  known  that  extrinsic  photoconductors 
like  Ge(Hg)  and  Ge(Cu),  as  well  as  HgCdTe  detectors, 
when  cooled  to  low  enough  temperatures  become  al¬ 
most  wholly  photon  flux  noise-limited  (Blip  detectors). 
An  analog  of  the  situation  that  occurs  in  the  visible 
spectrum  (the  multiplex  advantage  of  the  interferom¬ 
eter  spectrometer  is  in  certain  instances  canceled  out 
by  the  increased  photon  flux  noise)  might  therefore 
be  expected. 

A  closer  look  at  the  behavior  of  these  detectors 
under  low  photon  flux  conditions  does  not  bear  this 
out.  Contrary  to  the  case  of  photomultipliers  in  the 
visible  spectrum,  these  long-wavelength  photode¬ 


tec  tors  do  not  possess  a  reasonably  noise-free  internal 
gain  mechanism.  I'nder  tow-background  conditions, 
we  are  soon  confronted  with  the  problem  that  further 
reduction  of  the  background  photon  flux  does  not 
correspondingly  improve  the  detectivity  of  the  de¬ 
tector  and  must  deal  with  other  limiting  noise  sources 
such  as  prramplifient,  vibration,  microphonics,  and 
boil-off.  In  such  case,  of  course,  the  multiplex  ad¬ 
vantage  of  \  ,V,  where  ,V  is  the  number  of  spectral 
resolution  elements  observed,  does  apply. 

But  there  is  also  an  additional  factor:  dielectric 
relaxation.  This  pl.,-nomenon  causes  the  detector 
time  constant  to  become  very  long  for  low-background 


flux  conditions.  This  dielectric  relaxation  time  con¬ 
stant  is  inversely  proportional  to  the  photon  flux 
incident  on  the  detector.  When  the  detector  is 
operated  at  frequencies  in  excess  of  its  cutoff  fre¬ 
quency,  the  system  gain — and  hence  the  signal-to- 
noise  ratio— is  therefore  directly  proportional  to  the 
photon  flux  on  the  detector.  It,  has  been  suggested 
that  a  fast  response-time  detector  can  be  obtained  by 
adding  a  certain  photon  flux  to  achieve  the  required 
res|M>nse  time.  A  multiplex  spectrometer  does  this 
inherently,  of  course,  and  therefore  we  find  that  if  the 
system  is  noise-limited  the  interferometer  not  only 
has  the  usual  \  .V  gain  in  signal-to-noise,  but  it  can 
have  a  gain  of  as  much  N \/ N.  That  this  situation  is 
real  can  be  seen  from  Table  29-1. 

The  cooled  interferometer  we  used  is  basically  the 
standard  Block  Kngineering  Model  296  high-resolu¬ 
tion  Michelson  interferometer  modified  to  provide  for 
remote  alignment  of  the  main  interferometer  and  a 
reference  system  free  from  realignment  problems. 
The  gas  bearing  that  serves  as  the  support  for  the 
moving  mirror  was  not  modified  because  it  performs 
well  at  both  room  temperature  and  77°K.  (See 
Figure  29-1.) 

The  double-walled  construction  of  the  instrument 
provides  a  reservoir  for  the  cryogen.  The  gas  produced 


Table  29-1.  Parameters  of  He:Hg  Detector  and  Preamplifier 
(77°K  Blackbody  Background) 


Photoconductive  gain 
(at  10-jum  optimum  bias) 
Resistance 
Capacitance 
Time  constant 
Background-noise-limited 
NEP 

Equivalent  amplifier  noise 
current  (at  200  Hz) 
System-noise-limited  NEP 
(at  200  Hz) 


10  mA/W 
10loSl 
2  pF 
20  msec 

2X10-14  W/Hzi 
10-16  A/Hzi 
10-13  W/Hzi 


by  the  boiloff  is  collected  near  the  top  of  the  instru¬ 
ment  and  fed  into  the  gas  bearing  by  means  of  a 
flexible  bellows  arrangement.  The  inlet  pressure  on 
the  gas  bearing  is  controlled  by  means  of  a  pressure- 
regulated  heater  located  in  the  cryogen  to  increase  or 
decrease  the  boiloff  rate.  Spent  gas  is  released  from 
the  instrument  to  ambient  by  means  of  a  one-way 
pressure  relief  valve  or  alternatively  fed  into  a  series 
of  valves  and  ports  designed  to  prevent  frosting  of  the 
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entrance  window.  Since  the  gas  consumption  of  the 
bearing  is  relatively  high,  the  insulation  requirements 
for  the  dewar  are  minimal  and  the  insulation  provided 
serves  mainly  to  prevent  frost  buildup  and  protect 
personnel. 

An  independent  reference  interferometer  built  into 
the  instrument  behind  the  moving  mirror  provides 
both  white-light  and  laser  reference  signals.  The  use 
of  retroreflectors  in  this  system  eliminates  the  need 
for  realignment  after  initial  adjustment  at  room  tem¬ 
perature  since  the  entire  unit,  including  white  light 
and  laser,  will  operate  at  the  cryogen  temperature. 

Adjustment  of  the  fixed  mirror  in  the  main  inter¬ 
ferometer  is  provided  for  by  a  combination  of  me¬ 
chanical  and  piezoelectric  elements.  Initial  alignment 
at  room  temperature  is  accomplished  by  using  the 
Model  296  wedge  gear  arrangement.  Alignment  is 
maintained  through  the  cooling  cycle  by  varying  the 
voltage  applied  to  piezoelectric  elements  located  under 
the  fixed  mirror.  These  elements  provide  for  tilt  ad¬ 
justment  within  1  min  of  arc. 

The  optical  system  is  throughput-matched  to 
I  cm-1  at  5  pm.  It  consists  of  a  draple  objective 
entrance  lens  and  field  stop,  two  telescopes  of  the 
Cassegrain  type  as  input  and  output  devices  for  the 
interferometer  cube,  an  antireflection-coated  ger¬ 
manium  beam  splitter,  a  field  lens,  filter  holder,  and 
detector.  The  optical  elements  are  all  at  ~77°K 
except  for  the  filter  and  detector,  which  are  at  ~4°K. 
Baffling  will  be  used  to  provide  the  system  with  good 
off-axis  rejection  capabilities.  Initial  testing  is  being 
done  with  liquid  nitrogen  as  the  main  cryogen,  but  it 
should  be  possible  (although  perhaps  expensive)  to 
operate  with  liquid  neon  in  the  entire  system. 

The  electronics  are  straightforward.  The  pre¬ 
amplifier  is  used  in  the  operational  amplifier  mode, 
cooled  to  liquid  nitrogen  temperature,  with  the 
amplifier  feedback  resistor  cooled  to  liquid  helium 
temperature.  Provision  is  made  to  monitor  the  re¬ 
sistance  of  the  detector.  An  InAs  photon  source 
located  in  the  detector  dewar  controls  detector  gain 
and  frequoncy  response. 

This  instrument  will  initially  be  used  with  a  cold- 
gaa  reaction  cell  for  measuring  simulated  airglow 
phenomena.  Table  29-2  lists  collected  specifications 
for  the  cooled  interferometer  and  Table  29-3  lists  the 
estimated  sensitivity  of  the  instrument  to  extended 
sources  and  stel'  w  sources. 
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Table  29-2.  Collected  Specifications  for  Cooled  Inter¬ 
ferometer 


Spectral  range 

5  to  15  ium 

Wavelength  precision 

0.1  cm-1 

Resolution 

0.5  cm-1  maximum 

Optical  retardation 

0.25,  0.5,  1.0,  2.0  cm 
0.63  cm/sec 

Scan  velocity 

Velocity  error 

<0.5  percent 

Sampling  interval 

0.6328  pm 

Xi  1,2,  4,  8,  16 

Sampling  precision 

<0.01  pm 

Detector 

Ge:Hg  (T~4°K) 

Field  of  view 

7°  full  angle 
( 1.2X10“ 2  ster) 

Entrance  aperture 

2.6  (1.8-cm  diam.) 

Beam  splitter 

Instrument  operating 

antireflection-coated 

germanium 

temperature 

~78°K  (LX2) 

Hold  time 

6  hr 

Operating  altitude 

zero  to  140,000  ft 

Instrument  size 

36X14  X  28  in. 

Instrument  weight 

optical  head,  125  lb; 
control  unit,  50  lb 

Table  29-3.  Estimated  Sensitivy  of  Cooled  Interferometer 


Sensitivity  to  Extended  Sources 

Observation  time 

1  min 

Resolution 

1  cm-* 

Background 

77°K  blackbodv 

NKSR,  at  10pm 

10  'MV/cm’-SKm"1 

Sensitivity  to  Stellar  Sources 

Observation  time 

10  min 

Resolution 

1  cm-* 

Field  of  view 

2  mrad 

Altitude 

100,000  ft 

Telescope  aperture 

10-in.  diam. 

Telescope  temperature 

200°K 

Kmiwivity  of  optics 
NKSI,  st  10  pm 

<  1  percent 

2X10-,T  W/cm*-cm“* 

Discussion 


Q.  (P.  L.  Richards,  1‘niversity  of  California): 
Could  you  repeat  your  statement  about  the  multiplex 
advantage? 

A.  (G.  Wijntjes):  By  changing  the  wording  from 
multiplex  advantage  to  observation  time  advantage 


it  is  dear  that  if  the  spectrometer  covers  m  spectral 
elements  but  there  are  only  »»  elements  actually 
present,  the  signal-to-noise  advantage  will  vary  as 
v’»»  ». 
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Abstract 


A  field-widened  interferometer-spectrometer  with  a  Vcm  aperture  has  been 
created  and  applied  to  airglow  studies.  The  instrument  is  capable  of  a  spectral 
resolution  of  1  cm-1  and  a  field  of  view  to  over  5\  resulting  in  a  field-widened 
throughput  gain  of  19  compared  with  a  standard  Michelson  interferometer  of  the 
same  aperture.  The  spectral  response  is  0.4  to  3  pm.  The  digital  recording  tech¬ 
nique  that  is  used  compensates  for  source  variations. 


30-1  MTKOOUCTION 

A  large-aperture  field-widened  inlerforometer-spre- 
trometer  system  has  been  designed  and  developed  by 
the  Electro- Dynamic*  laboratories  of  Vtah  State 
University.*  The  instrument  and  its  data-handling 
system  are  specifically  intended  for  the  study  of 
aemnomy.  where  the  primary  emissions  are  extended 
sources. 

The  light-gathering  capability  of  a  Michelson 
interfet.  netrr  ts  proporl  nmal  to  the  square  of  its 
acceptance  angle.  Accordingly,  several  approaches  to 
increasing  the  field  of  view  of  an  interferometer  have 
been  proposed  The  synchronous  wedge  and  drive 
mirror  technique  suggested  by  ttouchareine  and 
tonnes’  was  used  to  provide  field  compensation  in 
the  interferometer  reported  herein.  The  salient 
features  of  the  design  are  (I  )  field  of  view  widened  to 
A*  full  angle,  (2)  a  -V-cm  clear  aperture.  (3)  n  V-groove 
in  granite  translational  drive  with  -Vcm  drive  rapt- 

*  tW  wwrtk  'c«s  im»|i mp4  hf  •  ttvmt  less*.  th»  r> 

•blim  t«  Via**  *«j**v  . 


bility,  (4)  intensity  compensation  for  source  variations, 
and  (A)  direct  digital  recording. 

30-2  AitGlOW  SURVEYS  IN  TWE  NEAR  INFRARED 

R?rqc*N 

Chamberlain*  and  Itmadfonl  am;  Kendall1  have 
published  very  tjwfui  spectra  of  the  night  «irgb>w. 
valuable  for  identifying  the  emitting  constituent*  of 
the  (lp|>er  a!mo»|«lierr  ami  evaluating  the  relative 
imiwrtanre  of  the  Various  |)n»vw«  that  lead  tt»  «tirh 
rnn^KHi*  Tlieir  «orl>.  lion  eve; ,  i«  presented  in 
detail  out  to  only  J  pm.  IV  I  St  ticld-widcnrd  inter¬ 
ferometer-spectrometer  i**  bi-mg  ti*ed  to  extend  the 
survey  to  longer  wavelength*,  greater  wavelength 
resolution  and  greater  lime  re*olntH>u.  ami  to  overlap 
into  a  purism  of  the  vi*ihje  «|«*rinim  in  order  to 
provide  a  comparison  ami  detect  leal  tiro*  that  may 
have  been  missed. 

Although  the  interferometer  sp-c.  nmrter  can  be 
usrd  at  wavelength*  as sliorl  a*  ultraviolet  it-  pnm.irv 
Utility  i»  in  the  m-ar  infrared,  where  the  I  ellgetl 


PnaAfWlM 
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multiplex  advantage4  is  fully  realized  and  where 
no  high-resolution  and  only  a  little  moderate- 
resolution  survey  work  has  been  done.  At  wavelengths 
beyond  about  3/xm,  thermal  emissions  from  the  lower 
atmosphere  mask  the  airglow  from  ground  observa¬ 
tion.  Major  emphasis  will  therefore  be  on  airglow 
emissions  in  the  spectral  range  from  about  0.6  through 
3  yum,  with  maximum  resolution  of  about  1cm-1. 
These  measurements  will  directly  help  to  answer  manv 
of  the  leading  questions  about  upper  atmospheric 
photochemical  rr  .ction  mechanisms. 

'  The  hydroxyl  gas  emissions  (Meinel5),  as  a  group 
the  brightest  of  all  night  airglow  emissions,  comprise  a 
complex  spectrum.  High-resolution  measurements  of 
the  OH  spectrum  are  needed,  as  a  function  of  both 
altitude  and  solar  zenith  angle,  in  order  to  understand 
upper  atmospheric  chemical  kinetics.  Vibrationally- 
excited  OH1  an  possibly  be  created  in  at  least  nine 
different  ways,  but  the  primary  reaction  is  probably 
the  one  proposed  by  Bates  and  Nieolet:0 


O3+ H— »0Ht-f02. 


The  OH1  generated  by  each  reaction  is,  in  general, 
distinct  since  each  react. on  is  uniquely  exothermic  or 
endothermic.  Further,  several  of  the  reactions  are 
very  temperature-dependent.  The  more  detailed 
spectroscopic  information  now  being  obtained  with 
the  interferometer-spectrometer  can  be  used  to 
correlate  with  the  recently  developed  theoretical 
models  (Hampson7)  for  the  chemical  kinetics  of  the 
upper  atmosphere. 

The  radiations  from  the  02  molecular  electronic 
states  ()2('Ap)  and  ()2('£e)  will  also  be  monitored 
throughout  the  night  and  as  far  as  possible  into  the 
twilight  on  either  side  of  night  (Megill  et  al.  8).  The 
realization  is  growing  that  the  02(*A#)  species  plays  a 
significant  role  in  the  photochemistry  of  the  upper 
atmosphere  (Gnttinger  and  Vallance-Jones9).  It  can 
be  formed  from  the  photodissociation  of  ozone,  as 


Ot+h,ut-iOaeA,)+0('D). 


Then,  since  0,>C\)  has  0.98  cV  of  energy,  the  im- 
portant  detachment  reaction 


()2  v > 2 ( — >2()2-f-e 


can  occur.  Nitric  oxide,  with  its  low  ionization 


potential,  may  also  be  generated  by 


02(!Ae)-FN— >N0+0, 


which  is  important  to  Z)-region  ionization.  An  al¬ 
ternative  source,  of  perhaps  even  greater  importance, 
is  02('A;,)  itself,  which  will  ionize  at  significantly 
longer  wavelengths  than  the  ground  state  02.  Absolute 
photon  emission  rates  for  the  various  bands  of  mole¬ 
cular  oxygen  need  to  be  established. 

Also  being  initiated  with  the  interferometer- 
spectrometer  is  an  experimental  study  of  the  Meinel 
bands  of  X2+  in  the  near  infrared  region,  made 
feasible  by  the  high  sensitivity-resolution  trade-off 
capability  of  the  instrument.  It  should  be  possible  to 
obtain  measurements  into  the  twilight.  The  state  of 
interest  is  the  (2n,  v- 1).  It  is  probably  produced  by 
the  charge  transfer  reaction  (Omholt,10  Hunten.11): 


0+(2D)+N2-»N2+(?II)-(-0. 


This  reaction  is  thought  to  be  the  significant  one 
because  perhaps  30  percent  of  the  0+  is  excited  by 
solar  radiation  to  the  long-lived  2D  state.  What 
we  expect  to  see  is  the  anomalous  distribution  of 
the  vibrational  bands,  which  has  previously  led  to  the 
deduction  of  incorrect  vibrational  temperatures.  The 
expected  measurements  will  give  us  a  partial  look  at 
the  0+(2D)  production  and  at  the  above  charge 
transfer  reaction,  which  is  an  order  of  magnitude 
faster  than  the  familiar 


04~-TN2 — ►NO  f+N. 


Lastly,  0++  has  a  resonance  line  at  5007  A,  and 
it  should  be  possible  to  learn  something  of  the  amount 
of  0++  in  the  atmosphere  by  measuring  the  intensity 
of  this  line  during  twilight  Nakada  and  Singer12 
predict  that  large  amounts  of  doubly  ionized  oxygen 
should  be  present  at  heights  on  the  order  of  one  earth 
radius,  especially  over  the  equator.  They  predict  an 
intensity  of  about  50  rayleighs,  but  it  must  certainly 
be  weaker  than  this  or  it  would  have  been  discovered 
by  now.  To  be  able  to  detect  the  5007  A  line  in  the 
presence  of  OH  bands  in  this  region  of  the  spectrum, 
it  is  necessary  to  have  a  spectrum-scanning  device 
such  as  the  field-widened  interferometer-spectrometer. 
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30-3  THEORY  AND  DESIGN  CONSIDERATIONS 

30-3.1  Night  Airglow  Radiance  Levels 

The  measurement  of  twilight  and  night  airglow 
requires  a  system  limited  only  by  the  sky  background 
radiation.  For  a  spectral  measurement  of  the  night 
airglow,  this  background  is  generally  assumed  to  be 
the  airglow  continuum,  which  has  a  magnitude  of 
approximately  1  rayleigh  per  angstrom  in  the  visible 
portion  of  the  spectrum  (Chamberlain2)  *  To  effec¬ 
tively  measure  spectra  at  this  radiance  level  requires 
a  large  throughput  optical  system  such  as  a  field- 
widened  interferometer.  A  sketch  of  a  wedge-end- 
miiror  field-widened  interferometer  is  shown  in  Figure 
30-1.  Other  methods  of  field  widening  are  known,  but 
this  is  the  only  configuration  that  will  be  discussed  in 
this  paper. 


Figure  30-1.  Sketch  of  Wedge  End-Mirror  Field-Widened 
Interferometer  Optics 


30-3.2  Field-Widening 

An  optical  throughput  of  about  1  cm2  sr  is 
needed  to  match  contemporary  detectors.  This 
requirement,  along  with  the  desire  for  good  resolution 
(1  cm-1),  led  to  the  design  of  a  wide-aperture  field- 
widened  interferometer  configured  after  a  Michelson 
but  modified  to  increase  its  optical  input  acceptance 
angle  and  in  turn  its  sensitivity  to  extended  sources. 
In  the  usual  Michelson  interferometer  the  path-length 
difference  depends  on  the  angle  at  which  radiation 
enters  the  instrument.  By  field-widening  we  attempt 
to  make  the  path  difference  invariant  with  the  entrance 
angle. 

*  The  conversion  between  photon  emiMion  rate  R  in  ravleighs  and 
radianoe  N  in  W  cm"28ter->  is:  «-2irXiVX10i8,  where  X  ie  the  wavelength 
in  micrometera. 


A  technique  suggested  by  Bouchareine  and  Comics1 
accomplishes  such  held  compensation  to  the  first  order 
by  me&r.s  of  prisms  in  place  of  the  usual  mirrors  in  the 
Michelson  interferometer  (Figure  30-1).  The  back 
sides  of  the  prisms  are  silvered,  and  the  opticai  system 
is  aligned  as  in  a  typical  interferometer.  Instead  of 
obtaining  differential  path-length  changes  by  moving 
one  mirror  parallel  with  the  rays  of  light  that  impinge 
on  it,  in  this  field-widening  technique  a  prism  is 
moved  parallel  with  its  ‘apparent  mirror  position,' 
inserting  more  optical  material  in  one  beam  in  order  to 
achieve  an  effective  differential  path-length  increase. 
‘Apparent  mirror  position’  refers  to  the  apparent 
position  of  the  coated  back  surface  of  the  prism  as 
it  appears  to  an  observer  in  front  of  the  prism,  looking 
through  the  optical  material.  The  invariance  with 
incident  angle  of  the  differential  path  length  can  be 
shown  to  follow  from  Fermat’s  principle. 

To  achieve  the  iield-widening  increase  in  optical 
throughput,  large  prisms  must  be  constructed,  and 
displaced  during  operation,  so  that  wavefront  dis¬ 
tortions  are  less  than  X/10  across  10  cm.  This  requires 
extreme  optical  homogeneity  and  mechanical  posi¬ 
tioning  control.  The  range  of  wavelengths  that  can 
be  examined  is  limited  by  variations  in  the  trans¬ 
parency  and  refractive  index  that  occur  as  a  function 
of  the  incident  radiation  wavelength. 

30-3.3  Interferometer  Resolution 

The  resolution  capability  of  a  Michelson  inter¬ 
ferometer  is  generally  taken  to  be 


,  (30-1) 


where 


Av=v2— Vi  (30-2) 


is  the  difference  in  wavenumber  between  two  resolv¬ 
able  adjacent  monochromatic  lines  and  6  is  the 
optical  path  difference.  This  criterion  for  resolution 
will  be  used  throughout  this  chapter  since  it  applies 
equally  well  to  either  a  standard  Michelson  or  a  field- 
widened  Michelson  interferometer. 

The  retardation  of  the  field-widened  interferometer, 
however,  is  calculated  differently  from  that  of  the 
standard  Michelson  interferometer.  In  the  Michelson 
there  is  a  simple  relationship  between  the  displace¬ 
ment  of  the  mirror  and  the  optical  path  difference, 
namely, 


6  =  2(1,  (30-3) 
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where  d  is  tho  interferometer  end-mirror  displacement. 
The  relationship  between  the  optical  path  difference 
and  -distance  of  motion  of  the  wedge  prism  along  its 
apparent  mirror  image  plane  in  the  field-widened 
system  (see  optical  block  diagram  in  Figure  30-1), 
although  not  so  simple,  can  nevertheless  be  de¬ 
termined.  In  Figure  30-2  the  field-widening  prism  is 


i 


30-3.4  The  Fieid  of  View 

The  field-of-vie  «v  limitation  for  the  Michelson 
interferometer  with  field  compensation  has  been 
derived  by  Bouehareine  and  Connes*  for  the  usual 
three  types  of  aberrations:  spherical,  chromatic,  and 
astigmatic.  The  spherical  aberration  limit  (full  angle) 
is 


^gny/'XM  (30-7); 


(compared  with  6,~-4\/d  fer  the  standard  Michel- 
son),  where  rf  is  the  effective  retardation  of  the  mirror 
and  X  is  the  wavelength  in  micrometers.  The  chromatic 
aberration  limit  is 


Figure  30-2.  Field-Widened  Interferometer  Wedge  End- 
Mirror  Geometry 


,  2  4nX(n2  — 1) 
c  Ind  ’ 


(30-8) 


where  n  is  the  arithmetic  mean  between  n i  and  n2  and 
pictured  near  the  apex,  where  the  wedge  is  moved  a  An The  astigmatic  aberration  limit  ex¬ 
distance  x  from  i° i  to  P 2 .  Tho  optical  path  difference  hibited  by  the  field-widened  interferometer  is 

can  be  expressed  by 


3  =  2  (nf-<j),  (30-4) 


i  2  __  8X 
°  d  tan2  a  ’ 


(30-9) 


t 


where  n  is  the  index  of  refraction  of  the  prism.  From 
the  geometry  of  Figure  30-2  the  optical  path  difference 
can  be  expressed  as 


{n2  sin2  a—  1 

n  sin  a+tan  7 - —  cos  7,  (30-5) 

cos  p 


where  it  is  the  index  of  refraction,  a  is  the  prism  angle, 
0  =  sin-1  (n  sin  a),  and  7-tan~’  (tan2  a/tan  0).  For 
the  values  a  -  S°  and  a  =  1.5, 


6  =0.21/.  (30-fi) 


Thus,  to  obtain  a  resolut:on  of  1  cm  \  a  drive  length 
of  at  least  4.7  cm  is  required. 


where  the  computation  has  been  made  for  the  greatest 
astigmatic  effect,  namely,  in  a  plane  perpendicular  to 
the  surface  and  extending  from  the  narrow  to  the 
thick  end  of  the  prism  and,  again,  a  is  the  prism  angle. 

Equations  (30-7),  (30-8),  and  (30-9)  yield  the 
theoretical  field  of  view  (FOV)  of  the  field-widened 
interferometer.  The  aberrations  will  impose  a  limit 
on  the  field  of  view,  depending  of  course  on  the  wave¬ 
length  range,  resolution,  prism  material,  and  prism 
angle.  For  the  nirgiow  measurements,  the  required 
system  parameters  resulted  in  n  system  whose  limit 
is  chromatic  aberration.  This  is  the  case  even  though 
fused  silica  of  very  low  dispersion  was  chosen  as  the 
optical  material  for  the  beam  splitter  and  prisms. 
The  computed  theoretical  field-of-view  limit  is  9.7° 
full  angle.  It  has  been  verified  experimentally  that 
excellent  results  are  obtained  at  5°.  With  further 
effort  we  expect  to  attain  field  compensation  to  the 
theoretical  limit. 

30-3.5  Drive  and  Carrier  Configuration 

The  design  of  a  drive  ir  ichanism  and  mirror- 
carrier  configuration  for  a  field-widened  interferometer 
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presents  a  difficult  problem.  The  end  mirror  must  be 
held  in  alignment  to  an  extremely  close  tolerance.  If 
the  contrast  function  of  the  instrument  is  to  be  main¬ 
tained,  then  the  wavefront  distortion  of  the  two  legs 
of  the  interferometer  must  be  less  than  A/4  when  they 
recombine  at  the  beam  spiitter,  This  condition  must 
hold  for  anv  position  of  the  driven  end  mirror.  The 
mirror  must  then  move  in  translation  without  rotating 
more  tna  • 


*«A/4  D,  (30-lf.) 


where  D  is  the  diameter  of  the  end  mirror.  For  a 
5-cm  system  at  4000  A,  <i>  is  only  2X10-7  rad. 

The  mirror  carrier  system  used  by  Otteson13 
for  his  bent-crystal  gamma-ray  spectrometer  ap¬ 
peared  to  be  the  most  acceptable  design  approach. 
His  system  was  checked  with  a  Twyman-Graen 
interferometer  and  was  found  to  have  repeatable 
rotational  position  stability,  when  driven  in  one 
direction,  to  less  than  1 X  10~7  rad  over  15  cm 
of  the  drive.  Several  improvements  suggested  by 
Otteson13  (private  communication)  were  later  in¬ 
corporated  into  the  interferometer  drive  and  carrier 
design.  The  resulting  ways  and  carrier  configuration 
also  exhibited  rotational  stability  to  less  than  1 X  19~7 
rad  over  10  cm  of  drive.  The  exact  stability  was 
beyond  the  resolution  capability  of  the  measuring 
instrument. 

30-3.6  Measurement  Time 

The  first  measurements  were  undertaken  in  the 
visible  and  near  infrared  with  a  multiplier  phototube 
used  as  the  detector.  It  can  be  shown  that  the  total 
time  T  required  to  make  one  interferometer  scan  to 
achieve  a  desired  signal-to-noise  ratio  (s/w)  in  the 
resulting  optical  spectrum  is 


( NAQER )* 


(a/n)2, 


(30-11) 


where  e  =  1.6X10~<0  C,  G  is  the  gain  of  the  photo¬ 
multiplier,  a  is  the  dynode  gain,  Idk  and  I,  are 
respectively  the  dark  and  signal  currents  (amperes) 
at  the  anode,  N  is  the  radiance  (W  cm-2sr-1)  of  a 
spatially  extended  monochromatic  source,  Ail  is  the 
optical  throughput  (cm2sr)  and  K  is  the  optical 
efficiency.  The  anode  radiant  sensitivity  or  rcsjKni- 
sivity  (A/W)  is 


(30-12) 
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where  hv  is  the  photon  energy'  (W-sec)  and  Qe  is  the 
quantum  efficiency  (photoelectrons/photon). 

When  the  signal  current  is  much  greater  than  the 
dark  current  /<»/,/*, 


I:  =  NbwAilER,  (30-13) 


and  Eq.  (30-11)  reduces  to 


m  2irNbv,eG(<r/<r—l) 

T~~  'NiASlER - (8/n)  ’ 


(30-14) 


where  N  is  the  radiance  of  the  monochromatic  signal 
source  and  N bw  is  the  total  radiance  in  the  instrument 
bandpass. 

The  interferometer  scan  time  required  to  obtain  a 
spectrum,  say  with  an  (s/n)  of  unity  at  0.5  pm  and  a 
resolution  of  1  cm-1,  of  an  extended  source  whose 
intensity  is  1  rayleigh/A  (with  A\  =  3X10~14 
W  cm-2  sr"1  pm-1)  between  0.4  and  0.7  pm  is  com¬ 
puted  as  follows.  From  Eq.  (30-6)  the  drive  length 
has  already  been  computed  to  be  4.7  cm.  On  the  basis 
of  the  parameters  for  an  EMI  S-20  photomultiplier 
and  an  interferometer  throughput  All  of  0.1  cm2  ster, 
Eq.  (30-14)  gives  the  calculated  time  required  to  take 
the  interferogram  as  11  min. 

The  ratio  of  the  optical  throughput  of  the  field- 
widened  interferometer  to  that  of  a  standard  Michcl- 
son,  where  both  have  collectors  of  the  same  diameter, 
is  given  by: 


»*.« 


0m 

V 


(30-15) 


whore  0m  and  0.v  are  the  respective  full-angle  fields 
of  view.  Consequently,  the  relative  throughput  of  the 
interferometer  without  field-of-view  compensation  at 
the  same  wavelength  and  resolution  is  only  about 
5  percent,  namely,  5X  10~:|  cm2  sr.  The  time  re¬ 
quired  to  make  a  scan  and  achieve  the  same  (s/n)  in 
the  resulting  spectrum  is  about  210  min,  whereas  the 
field-widened  interferometer  requires  only  1 1  min. 

When  a  photoconduct ive  detector  is  used,  the 
formula  for  computing  the  time  required  to  make  one 


interferometer  semi  and  achieve  a  s|>ecified  (a/n)  in 
the  resulting  spectrum  is 


7T.1 


T=w^m>Wn)’  (30*,6) 


between  two  fused  silica  prisms  that  together  form  a 
cube.  The  low  dispersion  of  quartz  helps  to  minimize 
the  chromatic  aberration,  which  is  the  limiting 
parameter  on  the  widened  field.  The  optical  com¬ 
ponents  of  the  interferometer  are  pictured  in  l'igure 
30-4. 


where  ,1,/  is  the  area  of  the  detector. 

Consider  the  time  required  to  make  an  inter- 
ferogram  of  an  extended  source  whose  spectral 
radiance  is  1X10-8W  cm-2  sr~‘  pm-1  at  2.5  pm. 
At  this  wavelength  the  instrument  throughput  is 
about  0.4  cm2  ster.  A  1-cm-diam.  cooled  (195°  K) 
lead  sulfide  detector  is  used.  The  scan  time  to  obtain 
an  optical  spectrum  with  an  (s/m)  of  unity  at  a  resolu¬ 
tion  of  1cm-1  (6  A)  is  about  30  sec.  The  time 
required  by  a  standard  Michelson  interferometer  with 
a  collector  of  the  same  diameter  would  be  about  2  hr. 

30-4  INSTRUMENTATION  SYSTEM 


30-4.1  Configuration 

The  complete  interferometer-spectrometer  system 
is  shown  in  Figure  30-3.  The  design  goal  was  to 
achieve  a  clear  aperture  of  5  cm  and  maximize  the 
field  of  view  while  maintaining  a  l-cm_1  resolution. 
A  7.<i-em  beam  splitter  and  wedge  mirrors,  having  a 
back  surface  of  10-cm  diam.  and  wedge  angles  of  <S°, 
all  configured  to  maintain  a  wavefront  distortion 
within  ,\  10.  were  specially  ground.  The  beam  splitter 
consists  of  a  thin  layer  of  silver  on  the  interface 


Figure  30-4.  Field-widened  Beam  Splitter  and  Wedge  End 
Mirrors 


The  base  of  the  interferometer  was  constructed  of 
black  granite  with  a  V  groove,  following  the  technique 
used  for  the  bent-crystal  gamma-ray  spectrometer. 
The  surface  flatness  on  the  top  and  in  the  groove, 
where  the  end  mirror  carrier  was  indexed,  was 
maintained  at  25X10-6  in.  (l'igure  30-5). 

The  optical  carrier  was  constructed  of  invar  stain¬ 
less  steel,  whose  very  low  expansion  coefficient  is  near 
that  of  granite  and  quartz.  To  minimize  the  torque 


Figure  30-3. 


Complete  Interferometer  Installation 


Figure  30-5. 


Grande  Block  and  End-Mirror  Carrier 


moments  the  drive  was  situated  to  bear  colinearly 
with  the  center  of  mass  of  the  carrier.  The  reference 
and  indexing  buttons  were  extended  sufficiently  to 
maintain  the  rotation  of  the  driven  mirror  to  less  than 
10  7  rad.  The  block  and  carrier  are  also  shown  in 
Figure  30-5. 

The  signal  control  and  monitoring  electronic 
systems  are  shown  in  block  diagram  form  in  Figure 
30-6.  The  outputs  from  the  signal  and  background 
detectors  are  amplified  and  then  fed  to  voltage- 
controlled  oscillators  (VCO).  The  output  of  each 
VCO  is  fed  into  a  digital  coun  ter ;  the  reference  counter 
gates  the  signal  counter  so  that  the  count  in  the  latter 
is  normalised  to  the  background  and  the  background 
fluctuations  are  removed  from  the  data.  The  count  in 
the  signal  counter  is  then  transferred  to  magnetic 
tape  on  command  from  the  sero  crossing  of  the  laser 
reference. 

Figure  30-7  is  a  photograph  of  the  interferometer 
electronics  console. 

30-4.2  Performance 

A  row  interferogram  of  the  night  sky  on  23 
February  1970,  taken  in  1.5  min,  is  shown  in  Figure 
30-N.  The  computer-performed  Fourier  transform  of 
this  interferogram  is  shown  in  Figure  30-9.  These 
early  data  were  processed  to  a  resolution  of  only 


Figure  30-7.  Interferometer  Klertronio*  Console 


10  cm-1.  It)  our  present  night-skv  measurements 
program,  we  are  attempting  to  obtain  spectra  fully 
resolved  to  l  cm-1. 


r 


300 


Unlike  those  of  the  sustained  airglow  survey 
scheduled  to  be  conducted,  these  early  measurements 
were  made  from  Logan  City;  street  light  scattered 
from  the  atmosphere  above  the  observation  dome  is 
therefore  very  much  in  evidence.  The  54(50-,  5770- , 
and  5790-A  mercury  lines  from  these  street  lights, 
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Figure  30-8.  Night  Airglow  Interferogram 
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along  with  the  5577-A  atmospheric  oxygen  green  line, 
make  up  the  four  dominant  lines  seen  in  Figure  30-9. 
Many  other  atmospheric  emission  lines  such  us  the 
6300- A  oxygen  red  line  are  also  prevalent. 
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Figure  30-9.  Night  Airglow  Spectrum 
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().  (P.  I-Vldman.  Johns  Hopkins  University):  What 
is  the  sensitivity  of  your  instrument  in  myleighs? 

A.  (F.  Brown.  Jr,):  To  see  a  1-myleigh  1- A- wide 
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line  source  at  5000  A  with  a  signnl-to-noise  ratio  of 
unity  in  the  transformed  interfemgram  takes  a  scan 
of  less  than  l  min. 
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31.  Application  of  Fourier  Spectroscopy 
Technique  to  the  Study  of  Relaxation  Phenomena 


Randall  E.  Murphy  and  Hajime  Sakai 

Air  Force  Cambridge  Rmorch  Laboratories 
ledford,  Massachusetts 


Abstract 


A  technique  that  exploits  the  multiplex  advantage  of  Fourier  spectroscopy  can 
be  used  for  studying  time-varying  sources.  The  time  behavior  of  each  spectral 
element  is  observed  simultaneously  with  that  of  all  the  others.  The  technique  is 
demonstrated  bv  an  experimental  measurement  of  the  relaxation  of  the  hot  bands 
of  C0a  and  Na0. 


31-1  INTRODUCTION 

The  advantages  that  can  be  renlixed  by  using 
Fourier  spectroscopy  techniques  have  been  demon¬ 
strated  in  several  types  of  spectroscopic  measure¬ 
ments.*'4  Such  spectroscopic  measurements  have 
thus  far  been  limited  to  the  observation  of  sources 
that  are  stationary  in  time— or  at  least  stationary  by 
comparison  with  the  total  observation  time,  in  many 
instances  the  radiation  history  of  time-varying  sources 
is  of  primary  interest.  For  example,  time-resolved 
spectroscopy  is  concerned  with  the  measurement  of 
radiative  lifetimes,  energy  exchange,  quenehing.  and 
relaxation  processes  in  general. 

The  Convent  K>nal  apjamach  of  a  time-resolved  spec¬ 
troscopic  study  requires  the  use  of  classical  grating 
spectrometers  or  spectral  bandpass  filters,  in  which 
case  a  set  of  s(»eettal  lines  must  be  oliservcd  scqnen- 
tially  in  order  U.  determine  the  time  behavior  of  the 
entire  spectrum.  Ily  contrast,  the  multiplex  tech¬ 
nique  of  Fourier  spectroscopy  jirovmes  for  simul¬ 
taneous  observation  of  ail  spei'ral  elements,  and 
thereby  yields  a  significant  gain  in  signal-to-ooiw 
ratio  for  the  same  measurement  time. 

A  technique  that  cxidoits  the  multiplex  advantage 
of  Fourier  .qwctrow'npy  in  the  study  of  timr-dejien- 
denl  phenomena  is  jwrsrnted  in  tin  <  paper.  I'xperi- 


inental  demonstrations  of  its  application  to  the 
relaxat ion  of  viomtionally  excited  l'()2  are  described. 

31-2  THEORY 

This  discussion  applies  to  discrete  (Mentioning  tif 
the  movable  mirror  of  a  Michelson  interferometer, 
that  is.  to  the  >tv(>-iu*d-stop  mode  of  o|>eration.  The 
technii|ue  can  easily  be  extended  to  apply  to  a  con¬ 
tinuously  driven  movable  mirror  by  making  some 
rather  siniple  nnslilirations. 

lad  lUff.l)  at  lime  I  and  wavenumber  a  be  the 
s|>ectmJ  density  incident  on  the  entrance  t»|s*rture  of 
the  interferometer.  The  output  at  the  detector  is 
given  by 


F(tJ) m  jtHv.O  cos  2rar  Ho.  (31-1) 

where  x  is  the  optical  jwth  difT-rence.  If  the  somitc  is 
stationary,  the  intcrfrrogrnni  signal  F(x.l)  can  be 
integrated  for  some  preset  time  to  obtain  Ft/).  For 
f  tine-varying  soun  •.»  its  timc-dr|N'ndciire  can  be 
determimxl  by  monitoring  the  instantaneous  value  of 
the  interfen«gram  signal. 


For  a  fixed  optical  path  difference  the  interferogram 
signal  is  recorded  from  initial  excitation  of  the  source 
until  some  later  time  that  is  long  by  comparison  with 
the  overall  relaxation  time.  The  signal-to-noise  ratio 
in  the  interferogram  measurement  can  be  improved 
as  desired  by  inducing  intermittent  excitation  and 
relaxation  of  the  source.  A  time  series  of  interfero- 
grams  is  obtained  for  .V  observations  of  F(i,i)  by 
recording  the  interferogram  signal  for  the  same  relaxa¬ 
tion  phenomena  at  successive  optical  path  differences 

x„,  where  n  =  1 . X.  By  applying  the  Fourier 

transformation  to  the  interferogram  F{x,t),  the  spec¬ 
trum  H(c,t)  at  any  time  t  during  the  relaxation  process 
can  be  recovered  as: 


Ii(cr,t)  =  J F(x,t)  cos  2rax  dx.  (.'>1-2) 

An  observation  of  the  relaxation  for  a  spectral  com- 
IHinont  a  can  be  extracted  from  B(a,t)  from  initial 
excitation  until  relaxation  is  complete.  Since  all 
s|R>ctral  elements  in  the  band  of  interest  are  observed 
simultaneously,  the  multiplex  advantage  is  realized. 
The  extent  of  the  time  resolution  is  governed  by  the 
time  resjHmse  of  the  detector  and  associated  circuitry. 

31-3  APPLICATION 

Figure  31-1  is  a  schematic  drawing  showing  the 
setup  of  the  infrared  source  chosen  to  demonstrate  the 
technique.  Nitrogen  is  known  to  be  excited  to  high  vi¬ 
brational  levels  by  a  microwave  discharge.  The 
near  resonance  between  the  energy  levels  of  X2  at 
2331  cm-1  and  of  ('t)2  at  2340  cm-1  produces  the 
very  efficient  transfer  of  vibrational  energy  from  the 


X2  to  the  CO 2  molecule.  The  vibrational  excitation  of 
C02  produced  by  mixing  active  N2  and  C02  provides 
an  excellent  source  for  observing  the  decay  of  vibra- 
tionally  hot  C02.  The  typical  vibrational  tempera¬ 
tures  obtained  are  in  the  neighborhood  of  several 
thousand  degrees  Kelvin  while  the  rotational  tempera¬ 
ture  remains  relatively  cold,®  and  the  vibrational  hot 
bands  are  easily  observed. 

In  our  experimental  tests,  active  nitrogen  was 
excited  by  flowing  nitrogen  through  an  Evanson  micro- 
wave  cavity  activated  by  a  120-W  2450-MHz  micro- 
wave  generator.  The  pressure  of  N2  at  1.0  Torr,  and 
of  C02  at  0.2  Torr,  was  monitored  with  an  MKS 
Baratron  pressure  gauge.  The  cylindrical  reaction 
cell,  7.5  cm  in  diameter  and  15  cm  in  length,  was 
evacuated  with  a  15-cfm  fore-pump  so  that  the  cell 
residence  time  of  the  gases  was  approximately  10“ 1  sec. 
Under  these  conditions  C02  should  be  excited  by 
collisions  with  X2,  and  decay  by  radiation  or  deactiva¬ 
tion  at  the  walls  or  through  quenching  by  another 
molecule.  The  interferometer  that  was  used  has 
2.5-cm-diam.  optics  and  a  liquid  X2-cooled  4  mm  by 
4  mm  InSb  detector. 

The  detector  time  response  was  faster  than 
4  X  10~5  sec.  A  block  diagram  of  the  recording  system 
is  shown  in  Figure  31-2.  The  output  of  the  detector 
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Figure  31-2.  Block  Diagram  of  Data  Acquisition  and 
Recording 


was  dc-amplified  and  registered  via  a  100-channel 
Waveform  Eductor  (built  by  PVR).  An  oscillator 
operating  at  10  Hi  was  used  to  trigger  the  microwove 
generator  and  provide  a  temporal  reference  for  the 
Eductor.  Each  channel  of  the  Eductor  was  gated  at 
10~s  sec.  A  1-sec  integration  time  in  the  Eductor 
provided  good  signal-to-noise  ratios  in  the  interfero- 
gmms.  Figure  31-3  shows  the  interferograms  obtained 
from  four  channels  of  the  Eductor.  The  interferogram 
was  sampled  at  three  times  the  wavelength  of 
the  He-Xo  laser  referenoe  signal.  The  four  interfero- 
grams  correspond  to  the  four  temporal  points.  The 
intensity  of  the  discharge  at  point  1  is  close  to  the 
ma>  >m;  points  3  and  4  are  anomalous  features  of 
the  X2  lischarge. 

Ph.’sc-correeted  Fourier  transforms  of  the  inter- 
femgrams  produced  the  spectra  shown  in  Figure  31-4. 
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Figure  31-3.  Interfcrograms  of  the  Infrared  Source  at  the 
Four  Times  of  Interest  Indicated  on  the  Waveform  (The  wave¬ 
form,  which  was  taken  at  a  particular  optical  path  difference, 
changes  in  shape  as  the  optical  path  is  varied.) 


The  resolution  is  about  40  cm-1  which  is  insufficient 
*  resolve  the  vibrational-rotational  structure  of  the 
bands.  Each  spectrum  shown  in  Figure  31-3  has  been 
normalized  to  show  the  relative  shapes  of  the  spectra. 
When  the  radiation  is  at  maximum  intensity,  namely, 
at  point  I,  the  C’()3  band  at  2340  cm~!  is  much 
broader  than  any  of  the  other  three  observations 
taken  at  later  times.  A  spreading  of  the  bind  to  lower 
wavenumbers  is  indicated  in  these  observations.  This 
is  due  to  the  radiation  from  the  higher  vibrational 
levels  of  the  C0a  bands,  and  corresponds  to  a  vibra¬ 
tional  temperature  of  tfOO*K.  The  time  difference 
between  positions  3  and  4  is  about  0.02  sec;  hence,  the 
overall  decay  of  the  CO  .  bind  may  be  estimated  to  be 
approximately  5X  10“ 3  see  This  value  agrees  with 
other,  conventional,  measurements  we  have  made 
with  the  same  gas  system 

Jn  addition  to  the  COs  bands,  the  radiation  from 
N,a)  at  2223  cm-1  was  observable  at  a  much  lower 
intensity.  Since  integrated  bind  intensities  of  Ctij 
and  Nj()  are  known  to  be  comparable,  a  complexity 
of  the  gas  kinetics  within  the  reaction  vessel  is 
indicated. 

It  is  expected  that  more  refined  measurements  of 
time  and  sjiectral  resolution  vill  lead  to  more  compre¬ 
hensive  analyses,  and  consequently  that  the  now 
technique  will  prove  as  successful  in  the  study  of  time- 
varying  phenomena  as  Fourier  s|ioctruscopy  has  b  en 
in  the  study  of  stationary  sources. 


WAVENUMBER  (cm'1) 


Figure  31-4.  SjxYtnU  Evolution  of  the  Infrared  fenntree  at 
the  Four  Selected  Times 


Figtire  31-5.  Xorm^lired  «if  tie-  Infrared  at 

the  Four  litlerrM  (Thr  lml  letixt*  <*4  ( ’O*.  tti  yitlrthT 

n\  time  |H'Ml5r»Vi  S.  ^fv  irl.itnl  at  I  hr  tdh«T  ihfyt  tltivr  jmfiliirti* 
T»*r  rat  ha  turn  «*f  N  ;t)  at  TS2i  r  m  *  i?  *lnm  u.) 
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Q.  (B.  F.  Hochheimer):  Did  you  try  relaxation 
measurements  on  Ct)a  with  helium  in  cell? 

A.  (R.  Murphy):  No.  Our  first  measurements  were 
undertaken  just  to  demonstrate  the  technique. 

Q.  (It.  Hutchinson):  What  time  resolution  capa¬ 
bility  do  you  expert  to  attain? 

A.  (R-  Murphy):  The  time  resolution  is  limited  by 
the  time  response  r.f  the  detector.  Our  present 
eajKtbil ity  is  on  the  order  of  It)"1  sec. 


4.  Hanel,  R.,  et  al.  (1%9)  Appl.  Opt.  8:  2059. 
a.  Legay,  F.  (1964)  J.  Phys.  Radium  25:  999. 


Discussion 


Q.  (D.  A.  Othen):  Do  you  have  any  difficulty 
reproducing  the  relaxation  phenomena  at  the  different 
mirror  positions  used  in  your  experiment? 

A-  (R.  Murphy):  The  process  of  exciting  C03  and 
CO  has  been  used  extensively  by  I-egay  et  al.  and  in 
our  own  laboratory  for  a  number  of  >ears.  Our 
experiments  show  that  the  discharge  and  radiation 
from  COj  under  the  conditions  described  is  quite 
reproducible.  Hath  mterferogram  point  in  Figure  31-3 
Is  coadded  over  10  discharges,  which  averages  out  any 
unwanted  spurious  signals. 
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32.  Comments  on  Digital  Data  Acquisition  Systems 


Michael  L.  Forman 

Goddard  Space  Flight  Center 
Greenbelt,  Maryland 


Abstract 


The  effect  of  digitizing  noise  is  shown  to  be  7;2 3/3  tit  each  data  point  of  an  inter- 
ferogram  where  2 E  is  the  quantization  voltage.  For  a  fixed  numb..-  of  bits,  a  level 
slicing  technique  is  demonstrated  that  reduces  7s'  by  a  factor  of  two  or  more  in 
most  cases. 

A  compact  digital  data  acquisition  system,  suitable  for  field  use  and  utilizing 
an  analog  tape  recorder,  is  shown  to  have  a  sigmil-to-noisc  ratio  far  exceeding  that 
of  the  analog  recorder.  The  data  rate  is  limited  only  by  the  high  frequency  cutoff 
of  the  direct  record  channels  used. 

General  guidelines  for  designing  data  acquisition  systems  are  discussed. 


32-1  INTRODUCTION 

Data  acquisition  systems  are  often  the  most  ne¬ 
glected  subsystems  of  an  experiment  and  they  are 
usually  the  last  subsystems  to  be  considered.  Some 
experiments  require  very  little  in  the  way  of  data 
acquisition  and  a  pencil  or  graphic  recording  device  is 
all  that  is  needed.  Other  experiments,  which  produce 
large  volumes  of  data  intended  for  computer  process¬ 
ing  or  which  require  highly  accurate  data,  usually 
have  digital  readout,  and  recording  devices  associated 
with  them. 

The  discussion  in  this  chapter  is  concerned  with  the 
following  topics: 

(1)  The  noise  introduced  into  the  data  by  digitizing 
it,  and  a  means  of  reducing  this  noise  for  a  fixed  num¬ 
ber  of  binary  bits. 

(2)  Some  tangible  and  intangible  aspects  of  a  data 
acquisition  system. 

(3)  A  high  speed  data  acquisition  system  that 
utilizes  either  digital  or  analog  tape  recorders. 


32-2  DIGITIZING  NOISE 

Analog-to-digital  converters  are  binary  devices 
that  quantize  an  analog  signal  into  K  levels,  each  of 
which  is  represented  by  a  binary  number.  Let  K  =  2k, 
where  /;  is  the  number  of  binary  bits  needed  to  repre¬ 
sent  a  number,  and  let  2/(0)  be  the  peak  voltage. 
The  latter  is  due  to  the  fact  that  an  analog  function 
or  interlerogram  ,/'(. r)  may  be  positive  or  negative 
with  a  maximum  value  of  |/(())|.  Let.  \'(j /•„'„)  la1  tin1 
assigned  value  for /(.r)  if  jli„< f(.v)  <(j+  1)7;'„  when 
,/  =  0.1 . K—  1,  where  2/,.’„  =  2f(0)/7v.  (See  Fig¬ 

ure  32-1  (a).) 

For  a  small  sampling  interval  S,  /(. r)  may  be  ap¬ 
proximated  by  a  straight  line  of  slope  w  as  shown  in 
Figure  32-1  (b). 1  Thus  the  error  due  to  quantizing  is 
represented  by 


e(.r)  =  ?».r  where  ■ 

m  ~  m 


(32-1) 
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the  rms  noise  becomes 


where  the  denominator  is  referred  to  as  the.  increase 
factor.  Since  y  and  p  are  always  less  than  one,  an 
increase  in  signal-to-noisc  ratio  results  with  the  same 
number  of  bits.  For  example,  if  90  percent  of  the 
words  are  less  than  10  percent  of  the  maximum  value, 
there  is  an  increase  of  a  factor  of  three,  using  the  same 
number  of  bits  that  corresponds  to  a  2-bit  gain. 
Figure  32-2  shows  a  plot  of  the  increase  factor  as  a 
function  of  p  for  several  values  of  the  fraction  y.  Such 
a  scheme  is  useful  when  one  has  an  S-bit  analog  to 
digital  converter  but  needs  10-bit  accuracy.  Fig¬ 
ures  32-3(a)  to  3(d)  illustrate  this  effect  on  simulated 
data.2,3 


p 


Figure  32-2.  Signal-to-noise  Increase  Factor 
y/rKi^-  i)+i  V*  p 


* 


Figure  32-3 (a). 


Effect  on  Simulated  Data,  No  Quantizing 


[FREQUENCY  (cm") 


Figure  32-3 (o) .  Kffeet  on  Simulated  Data,  Quantizing  to  1024  Levels 
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32-3  DIGITAL  DATA  ACQUISITION  SYSTEMS— TYPES 
AND  CONSIDERATIONS 

32-3.1  Type* 

Digital  data  acquisition  systems  are  usually  either 
buffered  or  nonbuffered.  The  nonbuffered  system  is 
normally  used  for  slow-data-rate  applications  and  may 
consist  of  an  aualog-to-digital  converter,  an  interfac¬ 
ing  formatter,  and  a  recording  device  such  as  an 
incremental  tape  unit  (magnetic  or  paper).  The 

tffered  system  may  have  the  same  components  as 
the  nonbuffered  system  with  the  addition  of  a  data 
storage  device  such  as  a  core  memory.  The  primary 
advantages  of  the  buffered  system  are  the  following: 

(1)  The  throughput  rate  is  much  faster  than  that 
of  the  nonbuffered  system  because  fast  stop-start  tape 
recorders  may  be  used.  The  data  are  stripped  from  the 
memory  at  a  rate  consistent  with  the  ultimate  speed 
of  the  tape  drive  unit  so  that  proper  computer  packing 
density  is  assured. 

(2)  Inter-record  gaps  are  generated  during  ac¬ 
celeration  and  deceleration  time  of  the  tape  recorder, 
and  computer  records  are  of  uniform  length. 

(3)  No  data  are  lost,  because  the  strip-out  rate  is 
much  higher  than  the  input  data  rate. 

32-3.2  Design  Considerations 

There  are  certain  system  design  considerations  to 
think  about  before  purchasing  a  system  or  its  com¬ 
ponents.  Some  of  them  relate  to  component  selection, 
and  others  to  computer  processing  problems. 


The  first  and  perhaps  the  most  overlooked  item  is 
the  question  of  which  computer  is  available  for  pro¬ 
cessing  the  data  and  whether  it  has  inherent  idio- 
syncracies  due  to  its  operating  system.  For  example, 
with  a  system  that  produces  signed  binary  data,  one 
may  have  a  computer  that  treats  all  binary  data  as 
signed  two’s  complement.  (See  Table  32-1.)  Of  course 
if  these  facts  are  known,  one  can  program  around 
them.  Other  items  such  as  record  length,  parity, 
number  of  tracks,  tape  density,  and  order  of  data 
being  i  rad,  should  also  be  considered  in  order  to  obtain 
a  taps*  record  format  that  is  compatible  with  many 
computers  within  the  framework  of  the  available 
computer,  and  that  also  requires  a  minimum  of 
manipulation. 

The  next  items  to  consider  are  purpose  and  re¬ 
liability.  Will  today's  system  work  with  next  year’s 
experiment  with  respect  to  data  rate,  computer  to  be 


Table  32-1.  Comparison  of  Signed  Bi¬ 
nary  and  Signed  Twos  Complement  Repre¬ 
sentation  (0  -  +.  1“-)  for  Four  Bits  Plus 
Sign 


Decimal 

Signed 

Binary 

Signed  Twos 
Complement 

S 

S 

+6 

00110 

00110 

-9 

11001 

10  111 
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used,  and  number  of  inputs  and  bits?  It  is  far  less 
expensive  in  both  time  and  money  to  design  now  for 
the  future.  Where  the  system  will  be  used,  and 
whether  environmental  conditions  and  available 
power  are  amenable  to  the  system,  are  also  pertinent 
questions.  With  regard  to  reliability,  everyone  would 
like  a  zero  defect  system.  Since  this  will  not  be  avail¬ 
able  for  some  time,  outputs  should  be  monitored  by 
digital-to-analog  converters  and  compared  to  the 
original  analog  input.  Small-scale  computers  can  per¬ 
form  real  time  reduction  and  checks;  however,  fi¬ 
nances,  surroundings,  and  available  personnel  may 
make  their  use  unfeasible.  To  heip  ensure  continued 
good  performance,  specify  reputable  components  and 
draw  on  the  experience  of  those  who  are  familiar  with 
the  type  of  system  to  be  used.  Some  manufacturers  of 
components  tend  to  give  overly  optimistic  perfor¬ 
mance  specifications.  To  compensate  for  this,  it  is  well 
to  overdesign  the  system  by  a  factor  of  twro,  especially 
with  regard  to  data  rate. 

32-3.3  Tope  Recorders  and  Analog-to-Digital  Converters 

A  digital  magnetic  tape  recorder  is  the  link  between 
the  experiment  and  the  computer.  The  quality  and 
reliability  needed  in  this  component  cannot  be  over¬ 
emphasized.  Its  function  is  to  present  the  computer 
with  a  readable  tape  every  time  it  is  used. 

Incremental  tape  recorders  are  rated  for  a  given 
packing  density  at  a  given  number  of  characters  per 
second.  If  a  binary  code  is  used  to  represent  the  data, 
a  minimum  of  two  characters  are  needed  to  represent 
the  data  word.  If  a  tape  record  consists  of  fewer  points 
than  will  be  taken  during  an  experimental  run,  the 
sampling  rate  without  loss  of  data  is  governed  by  the 
end-of-record  gap  time  (usually  25  to  <S0  msec)  unless 
a  compensating  buffer  is  incorporated. 

Fast  start-stop  continuous  recorders,  on  the  other 
hand,  record  data  at  a  constant  tape  speed  by  strip¬ 
ping  data  from  a  memory  at  a  rate  consistent  with  the 
packing  density  required.  The  number  of  characters 
per  second  is  equal  to  the  packing  density  times  speed. 
As  previously  mentioned,  end-of-record  gaps  are  gen¬ 
erated  during  the  start-stop  times  (about  5  msec)  and 
proper  utilization  of  the  data  buffer  avoids  any  data 
loss.  Both  types  of  recorders  can  be  used  with  asyn¬ 
chronous  sampling  rates. 

Analog-to-digital  converters  (A/D)  and  multi¬ 
plexers  make  it  jmssible  to  digitize  one  or  several 
channels  of  information  either  sequentially  or  simul¬ 
taneously,  depending  on  the  number  of  sample  hold 
amplifiers  used.  The  A/1)  converters  are  usually  rated 
in  time  per  bit;  however,  this  factor  may  be  degraded 
when  used  in  conjunction  with  a  multiplexer.  Thus, 
when  specifying  the  data  acquisition  rate,  either  in 
words  or  bits  per  second,  do  it  for  the  total  system. 

The  number  of  bits  per  data  word  required  is  a 
function  of  the  digitizing  signal-to-noise-desired.  A 
general  guideline  is  to  digitize  to  two  bits  more  than 
the  experiment’s  expected  signal-to-noise.  The  ac¬ 
curacy  of  A  I)  converters  is  expressed  ns  a  percentage 
of  full  scale  (0.01  percent)  plus  or  minus  one  half  of  the 
least  significant  bit. 


32-4  A  VERSATILE  SYSTEM 

This  section  describes  a  general-purpose  high-speed 
data-acquisition  system  built  for  the  Goddard  Space 
Flight  Center  by  Digital  Products  Corporation. 

The  system  consists  of  two  subsystems:  the  first 
acquires  the  data  at  prescribed  rates,  and  the  second 
converts  this  data  to  computer-compatible  form. 
These  two  subsystems  may  be  used  together  or  with 
an  analog  tape  recorder  between  them.  Six  numeric 
thumbwheel  switches  and  the  output  of  a  time  code 
generator  provide  identification. 

The  system  accepts  up  to  eight  inputs  that  are 
programmable  at  a  sequential  sample  rate  of  up  to 
92  160  ten-bit  words  per  second.  All  available  sam¬ 
pling  rates  (binary  dividers  of  the  maximum  rate)  are 
controlled  by  an  internal  clock.  The  bit  stream  pro¬ 
duced  by  the  A/D  may  be  recorded  directly  on  a 
computer-compatible  tape  if  the  output  bit  rate  is 
less  than  122  kHz.  Alternatively,  at  any  data  rate, 
the  bit  stream  can  be  recorded  on  one  or  more  direct 
record  tracks  of  an  analog  tape  recorder.  If  the  fre¬ 
quency  response  of  a  track  is  exceeded,  the  output  bit 
stream  is  multiplexed  on  a  frame  basis  so  that  the  bit 
rate  to  each  track  is  below  the  high  frequency  cutoff 
of  the  analog  track.  A  frame  of  data  is  illustrated  in 
Figure  32-4.  Frame  multiplexing  is  chosen  in  order  to 
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Data  Frame  Layout 

assure  adequate  identification  and  to  eliminate  tape 
skew  problems.  The  analog  tape  may  then  be  played 
back  into  the  unit,  which  produces  the  computer- 
compatible  tape. 

If  recording  is  done  on  analog  tape,  a  split  phase 
binary  code  (Figure  32-5)  is  used  rather  than  a  code 
where  X  volts  represents  a  one,  and  Y  volts  represents 
a  zero.  This  is  done  because  the  low  frequency  re- 
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sponse  of  direct  record  channels  is  poor,  and  a  string 
of  ones  and  zeroes  will  cause  drift  problems.  The  split 
phase  format  assures  one  transition  per  bit  regardless 
of  the  sequence  of  ones  and  zeroes. 

Calibrated  voltage  sources  are  incorporated  into 
the  system  to  check  the  performance  of  all  channels. 
Digital-to-analog  converters  are  available  at  several 
points  within  the  system  to  provide  visual  checks  of 
the  digitized  data.  Figure  32-6  is  a  block  diagram  of 
the  data  acquisition  system. 

This  system  is  to  be  used  to  gather  data  from  a 
variety  of  infrared  sensors,  some  of  which  require 
extremely  high  sampling  rates.  It  is  adaptable  to  field 
use  in  confined  areas  such  as  small  aircraft,  or  to  use 
in  the  laboratory.  After  a  minimum  of  setting 


switches,  the  user  is  free  to  concentrate  on  important 
items.  Whether  or  not  iui  analog  tape  recorder  is  used, 
the  signal  to  noise  is  limited  by  the  digitizing  system, 
not  by  the  recorder 

32-5  APPLICATION  TO  FOURIER  SPECTROSCOPY 

With  a  minimum  of  change,  the  system  will  accept 
asynchronous  sampling  rates  such  as  those  produced 
in  Fourier  spectroscopy.  For  this  purpose  the  A/D 
should  be  changed  to  give  higher  resolution.  Without 
change,  the  system  can  be  used  applying  the  tech¬ 
nique  of  Sakai  and  Murphy4  in  which  both  the  inter- 
ferogram  and  fringe  reference  are  digitized  at  dense 
sampling  rates  on  a  constant  time  basis. 
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Block  Diagram  of  Data  Acquisition  System.  (Ground  formatting  system  is  not  shown) 


% 


« 


312 


Ref  ere  i  es 


1.  Bennett,  W.  (194X)  Bell  Sys.  Tech.  J.  27:446.  4.  Sakai,  H.,  and  Murphy,  R.  J.  Opt.  Soc.  Am., 

2.  Steel,  \\\,  and  Forman,  M.  (1966)  J.  Opt.  Soc.  to  published. 

A  m .  56  :  US'2. 

3.  Forman,  M.  (HUMS)  XASA-GSFC  Document 
X-622-66-47K,  Sept.  1!X>6. 


Discussion 


().  Do  you  see  the  surface  of  Venus  at  these  wave-  A.  (R.  A  Hand,  Goddard  Space  Flight  Center): 

lengths?  No. 


Contents 


33-1 

Introduction 

313 

33-2 

Discussion  of  Real-Time  Computers  and  Analyzers 

314 

33-3 

Special  Purpose  Digital  Computer 

31S 

33-4 

Summary  Circuit  Description 

324 

33-5 

Output  I  nterpolator-Apodizer 

32(5 

33-6 

Results 

327 

33-7 

Conclusions 

329 

Acknowledgments 

330 

References 

330 

33.  Real-Time  Computer  for  Fourier  Spectroscopy 


P.  Conn**  and  G.  Michel 
lobarataira  A hmi  Conan,  CNJLS. 

Ortoy  92  franco 


Abstract 


A  real-time  domical  Fourier  transform  computer  for  Fourier  spectroscopy  with 
a  basic  computation  time  of  10~6  sec  per  input  point  per  output  point  has  been 
built.  When  used  with  the  Aim#  Cotton  Labors  ton*  interferometers  it  gives 
20  000  spectral  samples  from  interferogr&ms  recorded  at  50  samples  per  sec.  It  is 
easily  adaptable  to  high  or  low  resolving  power  and  broad  or  narrow  spectral 
range.  No  large  random  access  memory  is  needed  and  the  instrument  is  simpler 
and  cheaper  than  the  smallest  general  purpose  computers,  which  are  approximately 
10s  times  slower  for  this  particular  purpose. 


33-1  INTRODUCTION 

In  the  last  few  years  an  amasing  number  of  Fourier 
analysers  or  computers  for  the  purpose  of  analysing 
time  functions  have  been  described  or  put  on  the 
market.  On  the  other  hand,  programing  of  general 
purpose  computers  has  progressed  with  such  giant 
strides  that  one  can  well  ask  whether  Fourier  spec- 
troscopists  should  continue  their  efforts  to  produce 
their  own  analysers.  Before  answering,  one  must  study 
their  needs  and  all  the  available  devices. 

Chapters  0  and  II  by  J.  tonnes  and  II.  Drlouis 
summariae  the  situation  as  far  as  a  /ssrfrriori  analysis 
with  large  computers  goes.  They  -stive  the  problem 
of  transforming  the  largest  number  of  samples  of 
practical  interest  (for  example.  10*  samples  in  9  min). 
It  is  obvious  that  unspcrialised  eommercially  avail¬ 
able  computers,  which  are  small  and  cheap  enough  to 
be  considered  as  auxiliaries  to  the  interferometer,  can 
solve  the  problem  in  the  far  more  common  case  where 
•Y<  10* ;  medium  site  computers  should  be  able  to 


handle  the  intermediate  case  where  A*<10®.  In  this 
paper  A'  will  designs  *  the  minimum  number  of 
samples  needed  for  a  perfectly  odd  or  even  interfero- 
gram  recorded  from  4-0  to  .1/ <  A'  will  Is-  the 
number  uf  spectral  samples  wanted,  with  wavenumber 
separat  km  hr  - 1 

Real-time  computation  is  a  different  problem. 
While  of  course  somewhat  of  a  luxury,  it  is  neverthe¬ 
less  extremely  useful  when  the  recording  lime  is  very 
long  or  very  valuable,  a*  in  astronomical  observations 
for  instance.  The  need  for  real-time  computation 
alwr  increases  with  tire  complexity  of  the  interferom¬ 
eter  system  sinee  the  probability  of  wasting  valuable 
recording  and  com  jailing  time  increases.  'Ilris  is 
particularly  true  of  the  high-rratlutkm.  lurgc-sjrectrnl- 
rangv  interferometers  set  up  at  Aim#  Cotton  Labora¬ 
tory.  1  (See  Chapter  12  by  f  •udnrhviii  and  Maillnnl.) 
In  this  ease,  however,  the  informal  km  content  of  the 
s|>rctnim  is  so  large  (up  to  10*  samples)  that  it  becomes 
unnecessary  to  compute  the  entire  range  in  real  time; 
if  available  it  could  not  possibly  be  examined  real 


time  (except  bv  multiplexing  the  experimenter).  A 
well  selected  spectral  slice  containing  M  spectral  ele¬ 
ments  provides  all  the  elements  needed  for  checking 
resolution,  signal-to-noise  (S/N)  ratio,  systematic 
errors,  and  so  forth.  A  spectral  slice  of  M >  103,  that 
is,  not  too  narrow,  should  be  used.  Operation  should 
be  compatible  with  a  recording  speed  of  50  samples 
per  sec,  an  interferogram  dynamic  range  of  the  order 
of  10“,  and  a  spectral  dynamic  range  of  the  order  of 
10*.  Preferably  the  final  (full  resolution)  spectrum 
should  be  apodized  and  accurate  interpolation  be¬ 
tween  spectral  elements  should  be  performed.  No 
available  device  comes  anywhere  near  meeting  such 
requirements. 

33-2  DISCUSSION  OF  REAL-TIME  COMPUTES  AND 
ANALYZERS* 

Devices  will  be  classified  according  to  whether  the 
stored  quantity  is  the  time  function  (in  the  case  dis¬ 
cussed  here,  the  interferogram)  or  the  spectrum.  They 
may  be  analog,  digital,  or  hybrid,  and  may  differ 
widely  in  speed  and  accuracy;  of  course  thov  all  obey 
the  basic  uncertainty  relationship,  F=l/T,  where  T 
is  the  recording  time  and  F  is  the  frequency  resolution. 
For  the  case  discussed  here,  the  most  important  con¬ 
sideration  is  the  computation  time  as  a  function  of  the 
number  of  output  samples;  a  general  comparison  is 
shown  in  Figure  .33-1,  which  gives  the  computation 
time  vs  the  number  of  spectral  samples  M  for  the 
following  analyzers  or  computers: 

(a)  FFT  Computers.  The  number  of  input  samples 
.V  is  equal  to  M .  computation  is  a  posteriori.  The 
representative  curve  differs  little  from  a  unit  slope 
straight  line.  The  IBM  .'it>0  75  i!  a  general  purpose 
computer  programed  by  Delouis  (see  Chapter  11). 
The  two  straight  lines  correspond  to  alteration  with 
or  without  disks.  The  IBM  Real-Time  Digital 
Analyzer  (RTDA)  is  a  s|tecial  pur|tosc  computer  at¬ 
tachment  implementing  the  FIT  in  hardware  (must 
be  connected  to  an  1MM)  or  3150  computer).  The 
Hewlett  Packard  5450  A  must  be  used  with  general 
pur|msc  computer  .Ml*)  A.  The  Computer  SigmU 
Systems  CSS-3  is  a  completely  autonomous  FFT 
system.  The  Time  Data  100  (Time  Data  (’orp.)  is  a 
completely  autonomous  FIT  system  giving  1000  sam¬ 
ples  in  I  sec. 

(b)  Time  Compression  Systems  (s|ojk*  2  straight 
line).  Federal  Scientific  Corp  ubiquitous  analyzer 
and  Signal  Analysis  Industries  Corp.  real-time  ana¬ 
lyzer  are  both  approximately  represented  by  the  same 
line.  The  Research  Industrial  instruments  Company 
time  compression  analyzer  was  built  cs|tecially  for 
Foil  *er  s|iectmscopy.u 

(r)  Fleet rnoptic  Spectrograph.1' 

id)  Simommic  Analyzer  (Federd  Scientific  Corp.). 
Kach  line  corres|s»nds  to  a  different  instrument. 

*  Th*  r*->  if*  >•  litt.tlesl  In  iWtKM  *  rvhet  Hriy  tRlmtl 

itr  rl>«zrU  linknl  th»  huitnn  <4  hatnrt  A  Rauf  rwie 

pMr  mi  ittett  h»  ll»(lniM  * 


Figure  33-1.  Computation  Time  Vs  Number  of  Spectral 
Samples  M  for  Different  Analyzers  or  Computers 


(e)  Real-time  computers  that  use  the  classical  FT 
algorithm:  Operation  along  oblique  straight  line  with 
slope  2  means  N  -M  and  the  recording  rate  is  limited 
by  the  computer  speed.  Operation  along  vertical  line 
means  N  and  T  can  increase  without  limit,  M  is 
limited  by  computer  capacity,  N  is  indicated  by 
numbers  to  the  right  of  the  lines.  Strong-Vanasse: 
Electromechanical  computer. 10  Varian  (520  I :  General 
purpose  small  computer,  as  programed  by  F.  Levy 
et  al  (Chapter  34),  Hoffman,2"*  and  Yoshinaga:" 
specialized  real-time  Fourier  spectroscopy  computers. 
Lubomtoirc  Aim6  Cotton:  computer  described  in  this 
chapter.  A  possible  later  version  with  a  speed  increase 
of  a  factor  of  3  is  proposed.  This  could  be  built  using 
presently  available  components.  Storage  of  the  spec¬ 
trum  would  use  disk  or  drum  memory. 

There  should  also  be  mentioned  the  association  of  a 
hybrid  retd-time  autocorrelator  and  of  an  analog 
Fourier  analyzer  (Princeton  Applied  Research)  which 
would  provide  the  square  of  the  optical  spectrum. 
The  correlator  produces  100  samples  of  the  autocor¬ 
relation  function  of  the  input;  the  multiplications  are 
performed  by  hybrid  techniques  and  the  100  results 
are  stored  in  nnuiog  form  as  capacitor  voltnges.  Maxi¬ 
mum  delay  time  is  10  sec.  The  fully  analog  Fourier 
analyzer  scans  the  100  capacitor  bank  once  for  measur¬ 
ing  each  spectral  element. 

33-2.1  Digital  Computer*  Using  the  FFT  Method 

Digital  computers  using  the  FFT  method  should 
be  railed  “false"  real-time  analyzers;  the  FIT  al¬ 
gorithm  cannot  be  applied  until  nil  the  data  samples 
have  been  collected.  Computation  tinu*  is  totally 
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independant  of  recording  time.  However,  some  of  the 
special  purpose  computers  with  a  wired-in  FFT 
algorithm  are  so  fast  that  they  might  be  used  for 
Fourier  spectroscopy  by:  (1)  separating  the  N  input 
samples  into  K  blocks  of  N/K  samples  each ;  (b)  com¬ 
puting  a  first  approximation  spectrum  from  the  first 
N/K  samples  after  recording  of  the  fir  *  block  is 
complete;  and  (c)  computing  a  new  spt  1m  from 
the  2  N/K  available  data  after  the  second  uiock,  and 
so  forth.  The  check  on  interferometer  performance 
would  be  discontinuous,  which  is  no  great  disadvan¬ 
tage.  A  similar  technique  has  been  applied®  to  a  time- 
shared  IBM  1800  computer.  The  maximum  number 
of  input  samples  treated  appears  to  be  of  the  order  of 
10s.  No  indication  of  computing  speed  is  given. 

The  most  severe  limitation  comes  from  memory 
size;  a  random  access  memory  is  essential.  The  num¬ 
ber  of  outputs  M  is  automatically  equal  to  the  number 
of  inputs  N  and  this  is  4096  in  the  highest  capacity 
special  purpose  FFT  computer  built  so  far. 

Thus,  direct  checking  of  a  high  N  interferogram  is 
impossible,  but  the  difficulty  is  not  fundamental.  One 
could  proceed  in  two  stages  with  a  real-time  program 
similar  to  the  Test  3  program  described  in  Chapters  6 
and  11  and  used  so  far  for  a  posteriori  rapid  checking 
of  interferogrems.  The  recorded  data  would  be  con¬ 
volved  by  a  stored  “filter”  function  producing  a 
“secondary”  interferogram  with  only  n«N  samples; 
n  should  be  small  enough  to  fit  in  the  memory,  which 
would  slowly  fill  up  as  recording  proceeded.  The 
primary  interferogram  does  not  have  to  be  stored. 
The  normal  FFT  program,  applied  at  intervals,  would 
show  the  wanted  spectral  slice  at  progressively  increas¬ 
ing  resolution.  Both  operations  can  be  performed  in 
either  general  purpose  or  specialized  computers;  how¬ 
ever,  the  overall  program  is  complex  and  might  prove 
difficult  to  handle  with  the  smaller  machines.  Lastly, 
if  the  available  computer  has  external  nonrandom 
access  memories  (tape  or  disk)  a  real-time  program 
derived  from  the  FFT  1000  K  could  also  be  used  (see 
Chapters  6  and  11). 

33-2.2  Hybrid  Analyzers  Using  Time  Compression 

In  hybrid  analyzers  using  time  compression,  just 
as  for  FFT  computers,  the  stored  function  is  the  inter¬ 
ferogram;  however,  unlike  FFT  computers,  they  are 
true  real-time  analyzers. 

The  interferogram  is  first  digitized,  and  then  stored 
in  a  circulating  memory  (MOS  transistors  shift  regis¬ 
ter  or  quarts  ultrasonic  delay  line).  It  is  then  ex¬ 
tracted,  sent  through  a  digital-to-amilog  converter,  and 
frequency -.-sunned  by  an  ordinary  wave  analyser. 
Analysis  is  repetitive  and  can,  but  does  not  have  to, 
proceed  simultaneously  with  recording;  one  spectral 
clement  per  recirculation  is  measured. 

The  number  S'  of  input  samples  is  hunted  bv 
memory  size.  Since  analysis  is  not  phase  sensitive,  a 
power  transform  is  obtained.  This  means  the  number 
of  input  samples  ,Y'  should  be  at  least  2.V;  in  fact 

-  3.Y  is  chosen,  to  provide  some  oversampling. 

The  time  needed  to  scan  the  full  memory  is  equal 
to  the  recirculution  time  and  bears  no  relation  to  the 


recording  time.  It  can  be  made  much  smaller,  that  is, 
time  compression  is  used.  The  speed  limitation  lies  in 
the  minimum  memory  readout  time,  which  is  of  the 
order  of  10-7  sec  per  word  (about  8  bits  recorded  in 
parallel).  If  M  is  the  number  of  spectral  elements,  the 
analysis  time  is  T  =  M N' X  10~7  sec.  Since  this  is  a 
general  relationship  which  applies  to  all  systems  not 
using  the  FI  T,  using  the  minimum  number  of  input 
samples  N : 


T  =  MN6 


with 


6  =  3  X  10~7  sec.  (33-1) 


In  Figure  33-1  this  class  of  devices  is  represented  by 
a  slope  2  straight  line.  Maximum  capacity  so  far  is 
.V'  =  3  X 103  and  M  =  103.  To  process  the  high  N  inter- 
ferograms,  word  capacity  should  be  increased  by  a 
large  factor,  “proposed”  in  Figure  33-2.  Use  of  a  drum 
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Figure  33-2.  Number  of  Output  Sample*  That  Fan  Ik* 
Computed  at  a  Given  Input  Snraptr  Rate  by  Different  Real- 
Time  Computer* 


or  disk  store,  plus  a  buffer,  is  a  conceivable  extension; 
the  basic  T ■> MS9 law  would  still  apply.  The  number 
of  bits  jtcr  word  should  also  be  increased,  however, 
and  the  accuracy  of  the  analog  components  would 
then  prove  inadequate. 

33-2.3  Analog  Bactraopfic  Spoctrograph 

The  analog  electrooptic  spectrograph,  an  interest¬ 
ing  device  that  was  built  for  radio  astronomy  and  that 
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is  obviously  unsuitable  for  present  day  Fourier  spec¬ 
troscopy,  will  only  be  mentioned.  It  is  a  true  real¬ 
time  analyzer  in  which  the  input  time  function  is 
stored  as  a  traveling  wave  in  a  transparent  medium, 
thus  producing  a  phase  grating.  The  diffraction 
pattern  of  a  monochromatic  line  parallel  beam  gives  a 
[lower  spectrum.  Ultimate  limitations  are  not  clear; 
30  spectral  elements  have  been  analyzed  in  about 
10_6sec  (30  kHz  resolution  in  a  1  MHz  total 
bandwidth). 

33-2.4  Analog  Analyzer  With  Spectrum  Storage 
(SIMORAMIC) 

The  analog  analyzer  with  spectrum  storage  is  a 
new  class  of  device  in  which  the  spectrum  itself,  not 
the  interferogram,  is  the  stored  quantity.  Thus  there 
is  no  limitation  on  the  number  of  input  samples,  a 
very  important  point  for  the  application  discussed 
here.  Whether  analog  or  digital,  these  devices  arc 
perhaps  best  understood  by  using  the  language  of 
sampled  functions  and  remembering  the  classical  FT 
algorithm.  As  each  new  input  sample  becomes  avail¬ 
able  it  is  multiplied  by  M  suitably  chosen  samples  of 
the  sine  function  and  the  results  are  put  inti  M  storage 
locations.  The  next  input  sample  is  treated  in  the 
same  manner  (with  different  sine  samples),  the  old 
results  are  extracted  from  the  store,  added  to  the  new, 
displayed  on  an  oscilloscope,  and  stored  again.  I^ook- 
ing  ahead  to  Figure  33-19,  one  can  see  how  resolution 
increases  in  this  manner. 

1  lie  SIMORAMIC7  analyzer  is  fully  analog,  and 
no  sampling  is  actually  used.  The  store  is  an  analog 
recirculating  delay  line.  Sine  generation  is  performed 
by  a  local  oscillator  and  multiplication  by  a  frequency 
changer.  Just  as  in  the  time  compression  systems, 
full  s|K«etruni  is  displayed  for  each  recirculation. 

S|>eod  is  limited  by  bind  width  of  line  and  transduc¬ 
ers,  and  the  (equivalent)  number  of  output  samples 
by  line  capacity,  that  is,  length.  Several  instruments 
with  the  »ante  capacity  (,l/*200)  and  recording- 
analyzing  time  in  the  range  JX  10~3  sec  to  l  see  have 
been  built.  They  are  intended  to  be  used  at  full  output 
capacity;  however,  it  is  interesting  (for  comparison 
pur|a»es)  to  note  that  ojieration  of  a  given  instrument 
at  reduced  line  length  would  give  a  proportiomd  re¬ 
duet  ion  in  analysis  time  T  and  in  the  number  of 
samples  ,1/  Since  recording  is  simultaneous, 

the  number  of  samples  needed  to  describe  the  input 
signal  would  be  reduced  in  the  same  way.  For  the  fast¬ 
est  model  7‘ **  .’X 10  ~  3  »ec  at  .>/«., »  »  A’»,»  «*  200- 

Thus 


r«.u.v* 


with 


However,  unlike  case  2,  distortions  set  a  practical 
limit  to  the  number  of  recirculations,  and  thus  to 
storage  time  (T~  1  sec).  Unless  preliminary  time 
compression  were  used,  longer  duration  interfero- 
grams  could  not  be  handled.  Fellgett8  considered 
possible  applications  to  Fourier  spectroscopy  and 
showed  that  any  improvement  W’ould  inevitably  lead 
to  digitaliz  on,  a  conclusion  that  is  fully  borne  out 
by  the  present  paper.  Manufacture  of  the  SIMO¬ 
RAMIC  analyzer  appears  to  have  been  discontinued. 

33-2.5  Mechanical  or  Electromechanical  Computers 

The  venerable  ancestor  of  mechanical  or  electro¬ 
mechanical  tv  mputers  is  of  course  Michelson’s  “New 
Harmonic  Analyser,”  shown  in  Figure  33-3.  Up  to 
80  sine  waves  of  adjustable  amplitudes  and  phases 
could  be  added  to  synthesize  any  function,  of  which 
many  examples  were  given.  (See  Figure  .13-4.)  Opera¬ 
tion  for  analyzing  a  curve  was  not  automatic  and 
required  manual  adjustments  in  each  channel;  thus  it 
would  be  hard  to  quote  a  figure  for  speed  of  operation, 
Michelson  was  obviously  pleased  with  the  results 
(“The  experience  gained  in  :he  construction  of  the 
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A  >  (^  ( * )  8  =y^)(x  )  iln  k»  d«  C  ty^(«)eo*kxd» 

>0  10 

0  =  ^Bslnng  E  =  I^C  cos  fig  F  =  0  +  E 

Figure  33-4.  Results  Given  by  Micheleon’e  Analyzer.  Left:  Artificial  given  “spectrum”  (vertical  frequency  scale). 
Center:  sinu  and  cosine  “interferograms"  computed  by  the  analyzer  itself,  and  limited  to  20  samples,  Right:  sine  and  cosine 
transforms  of  the  two  “interferogrnms”  their  sum  approximately  reproduces  the  original  “spectrum" 


present  machine  shows  that  it  would  be  quite  feasible 
to  increase  the  number  of  elements  to  several  hundred 
or  even  to  a  thousand  with  a  proportional  increase  in 
the  accuracy  of  the  integrations”),  but  does  not  seem 
to  have  actually  used  it  for  analyzing  visibility  curves. 

The  first  real-time  analyzer  for  Fourier  spectros¬ 
copy  in  the  modern  sense  was  described  by  Strong 
and  Vanasse.10  The  input  is  not  sampled  but  “multi¬ 
plied"  by  M  switches,  the  “sine  functions”  being 
generated  by  gears  linked  to  the  interferometer  mo¬ 
tion.  The  spectrum  is  sampled,  since  M  discrete  out¬ 
puts  are  given,  by  M  mechanical  (ball  and  disk) 
integrators.  Since  these  arc  drift-free,  there  is  at  last 
an  instrument  with  the  capability  of  handling  inter¬ 
ferograms  of  infinite  duration  and  length  in  real  time, 
and  which  is  suited  to  checking  a  spectrum  fraction  at 
full  resolution. 

Cost  and  size  limit  the  number  of  channels  to 
Mmax  =  10  and  the  instrument  was  intended  for  use  at 
full  capacity,  that  is,  N>Mmnx.  Analyzing-recording 
time  grows  with  N  (vertical  line  in  Figure  33-1). 
However,  for  comparison,  consider  a  situation  where 
the  number  of  output  points  should  be  reduced  due  to 
finite  computer  speed;  then  M  =  N.  Since,  in  the 
instrument  as  described  the  bandwidth  for  each 
channel  is  0.4  Hz,  the  minimum  recording  time  is 
2.5  sec  for  N  =  i!  fmnx  =  10.  Thus,  for  N  ~  Al  <  Al  max 


r=MNe 


with 


0  =  2,5.1O~2  sec.  (33-3) 


Operation  in  this  region  is  represented  by  a  slope  2 
straight  line.  Note  that  this  representation  applies  to 
an  instrument  of  given  output  capacity.  Adding  more 
parallel  channels  but  keeping  the  same  speed  limita¬ 
tions  would  translate  the  slope  2  straight  lines  hori¬ 
zontally  to  the  right  on  Figure  33-1.  The  same  basic 
limitations  will  be  found  in  the  much  faster  electronic 
computers  to  be  described. 

33-2.6  Hybrid  Real-Time  Computers  for  Fourier 
Spectroscopy 

Hybrid  real  time  computers  for  Fourier  Spectros¬ 
copy  embody  in  a  direct  manner  the  classical  FT 
algorithm  according  to  the  general  scheme  described 
in  Section  33-3.4. 

33-2.0.1  THE  YOSHIXAC.A  FT  AL 
COMPUTER" 

The  Yoshinaga  et  al  computer  is  a  hybrid,  pre¬ 
dominantly  digital,  type.  For  apodization  the  inter* 
ferogram  is  first  weighted  by  an  analog  programer, 
and  then  sampled  and  digitized.  The  sine  function  is 
produced  by  a  hybrid  generator;  multiplication  and 
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addition  are  performed  by  an  incremental  digital  tech¬ 
nique.  Storage  of  the  spectral  samples  takes  place  in 
a  random  access  core  memory;  this  is  needed  because 
of  the  particular  addressing  scheme  used.  Thus, 
capacity  has  been  limited  to  Ulnnx  =  1000.  The  time 
taken  t  compute  the  full  1000  outputs  from  1  input 
is  0.6  see.  in  the  J/nmx  case,  therefore 


T  =  MN8 


33-2.7  General  Purpose  Digital  Computer 

The  classical  FT  algorithm  for  real  time  computa¬ 
tion  is  basically  the  same  as  the  one  commonly  used 
for  a  posteriori  computation  except  that  the  input 
samples,  not  the  output  samples,  are  treated  in  se¬ 
quence.  But  computers  small  and  cheap  enough  to 
make  this  practical  have  appeared  only  lately.  F.  Levy 
et  al  in  Chapter  34  describe  how,  with  a  Varian  620  I 
of  only  4096  memory  words,  they  have  succeeded  in 
computing  Mmax=  1500  samples  in  2  see.  Thus: 


* 

T*i 
*8*  « 


with 


T-MNd 


with 


I  =  6. 10  4  sec. 


(33-4) 


* 


Accuracy  should  be  good,  although  it  is  somewhat 
difficult  to  ass,  ss  from  published  results.  The  instru¬ 
ment  was  built  for  far-infrared  spectroscopy  and  it  is 
used  to  compute  the  full  spectrum.  A  modifC'1  rsion 
could  compute  a  spectrum  slice  from  a  hig  mter- 
ferogram,  but  speed  would  become  a  severe  limitation. 
( )nly  40  output  samples  could  be  computed  at  60  input 
samples  per  second. 

33-2.0.2  THE  HOITMAX-VAXASSE 
C<  EMITTER234 

The  Hoffman-Vanasse  computer,  also  built  for  far- 
infrared  work,  is  another  example  of  hybrid,  pre¬ 
dominantly  analog,  techniques.  The  interferogram  is 
weighted  for  apodization,  and  then  sampled,  but  in 
analog  form.  Sine  generation  is  performed  by  a  fre¬ 
quency  synthesizer  and  multiplication  is  analog.  Only 
then  is  tht'  result  digitized.  Addition  and  storage  are 
purely  digital  (giving  unlimited  recording  times)  and 
digital-to-analog  conversion  produces  an  oscilloscope 
output.  All  these  last  operations  are  done  by  a  com¬ 
mercial  ctre  memory  signal  averager. 

Intensity  accuracy  is  about  2  percent,  mostly  be¬ 
cause  of  tlio  analog  components.  Accurate  timing  of 
the  sine  function  maxima  is  needed,  and  this  is  also  a 
delicate  point.  Speed  is  about  four  times  less  than 
that  of  the  more  complex  Yoshinaga  computer: 


T  =  M.X0 


with 


0=  1.3X10-3  sec 


(33-6) 


0  =  2X10" 


(33-6) 


This  result  is  obviously  an  important  one  and  the 
technique  is  adequate  for  many  Fourier  spectrosco- 
pists.  In  the  far  infrared  the  entire  spectral  range  can  be 
computed  this  way.  However,  the  system  is  still  much 
too  slow  for  the  purpose  discussed  here.  No  order  of 
magnitude  gains  are  in  view,  but  a  two-stage  program 
involving  the  computation  of  a  filtered  secondary 
interferogram  by  convolution  (Section  33-2.1)  gives  a 
sizeable  improvement.  Output  capacity  remains 
limited  by  the  expensive  random  access  memory. 

33-3  SPECIAL  PURPOSE  DIGITAL  COMPUTER 

33-3.1  General  Description 

The  special  purpose  digital  computer  involves  no 
radically  new  principle.  It  is  simply  a  digital  com¬ 
puter  with  a  wired-in  classical  FT  algorithm.  Analog 
devices  are  used  only  at  the  output  for  interpolation 
between  spectral  samples  (and  also  apodization)  in 
order  to  present  a  continuous  curve  on  an  oscilloscope. 

The  relative  simplicity,  high  speed  (0=  10-<>  sec), 
and  high  capacity  (,l/I„llx  =  20  000in  the  final,  not  yet 
completed  version)  are  derived  from  three  features: 

(a)  elimination  of  all  programming, 

(b)  putting  the  accuracy  where  it  is  really  needed. 
In  practice  this  means  the  sine  function  can  be  stored 
in  a  relatively  small  core  memory,  with  a  very  simple 
addressing  scheme.  It  is  common  practice  to  trans¬ 
form  odd  interferogrnms  recorded  by  the  internal 
modulation  technique.1  (See  Chapter  12.)  The  first 
sample  can  easily  be  taken  at  <5  =  0  with  great  ac¬ 
curacy.  Even  interferograms  can  be  transformed  with 
a  minor  modification  of  the  addressing  scheme.  Power 
transforms  could  be  handled  at  the  cost  of  a  factor  of 
2  reduction  in  speed  and  capacity  since  two  multipli¬ 
cations  are  needed,  and  two  products  should  be 
stored.  Squaring  and  adding  for  presentation  of  the 
results  would  be  done  most  easily  by  analog  means. 


(c)  Storing  the  spectrum  in  a  sequential  access 
circulating  memory  which  is  much  cheaper  per  t 
than  a  random  access  one. 

Figure  33-5  gives  the  basic  computer  block  diagram 
and  the  interconnections  to  the  interferometer,  which 
is  described  elsewhere. 1  (See  Chapter  12.)  The  inter¬ 
ferometer  system  includes  its  own  digitizer,  the  output 
of  which  is  sent  in  BCD  form  to  the  tape  recorder  for 
a  posteriori  computation  by  a  general  purpose  com¬ 
puter  (see  Chapter  11).  A  second  output,  in  binary 
form  (14  bits),  is  sent  to  the  real-time  computer. 


Figure  33-5.  General  Diagram  of  Real-Time  Computer  With 
Input  and  Output  Connections 


The  interferometer  stepping  control  delivers  one 
pulse  I  after  each  interferogram  sample  has  been  re¬ 
corded.  Kach  pulse  I  triggers  the  operation  of  an 
address  selector  (Section  33-3.3).  which  finds  in  se¬ 
quence  the  .1/  addresses  for  the  .1/  needed  sine  function 
samples  corresponding  to  the  particidar  /„  interfero¬ 
gram  sample  received  and  to  the  .1/  wanted  spectral 
points.  Operation  is  timed  by  a  1-MHz  internal  clock; 
thus  _'0  000  addresses  are  found  in  20  msec  and  compu¬ 
tation  can  proceed  at  a  maximum  rate  of  50  input 
samples  per  second.  The  computer  is  totally  asyn¬ 
chronous  and  would  operate  equally  well  with  a 
stepping  interferometer. 

The  sine  function  samples  are  extracted  from  a 
1024  words,  10  bits,  read-only,  random  access  core 
memory  with  0.0 /usee  cycle  time.  Memory  size  bears 
no  relation  to  the  number  of  input  or  output  samples. 
It  limits  only  the  accuracy  of  computed  intensities 
(see  Sect  ion  33-3.2). 

The  product  of  the  interferogram  and  sine  samples 
are  computed  by  a  10  bits  digital  multiplier  clocked  at 
the  same  rate  (H)'1  multiplications  per  second).  Hand¬ 
ling  of  the  extra  bits  to  give  24  bits  dynamic  range  is 
explained  in  Section  33-3.4.  The  10  bit  output  is  sent 
through  a  24  bit  adder  to  a  24  bit,  20  000  word  delay 
line  store  made  of  24  parallel  20-msec  magnetostrictivc 
delay  lines;  t here  art*  50  recirculations  per  second. 
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Input  and  output  are  again  clocked  at  !0r'  words 
per  second. 

The  outgoing  words  are  sent  back  to  the  adder 
input.  They  also  give  the  final  computer  output.  A 
digital-to-analog  converter  provides  an  oscilloscope  )' 
output,  through  an  analog  delay  line  npodizing  inter¬ 
polator.  See  Section  33-  5.2.  The  address  computer 
gives  the  X  output  through  a  second  digital-to-analog 
converter.  Thus  the  M  samples  spectrum  can  be 
presented  at  a  50-Hz  repetition  rate.  A  slowed-down 
pen  recorder  output  is  also  available. 

33-3.2  Quantization  of  the  Sine  Function 

In  the  most  general  case  MX  samples  of  the  ;  ine 
function  are  needed  for  a  .V  input  M  output  trans¬ 
form.  Considerable  simplification  results  from  the  use 
of  a  simple  addressing  scheme.  (See  Section  33-3.3.) 
Only  one  quarter  of  a  sine  function  period  needs  to  be 
stored  in  sampled  and  quantified  form.  This,  however, 
implies  an  approximation,  and  it  is  necessary  to 
evaluate  the  rms  error  involved.  The  different  ad¬ 
dressing  scheme  of  the  Yoshinaga  computer1'  does 
not  basically  involve  any  approximation:  however, 
the  actual  accuracy  in  the  multiplications  is  the  same 
(10  bits).  It  is  not  applicable  to  the  problem  discussed 
here,  for  several  reasons.  A  more  expensive  random 
access  memory  is  needed  for  spectrum  storage.  The 
spectra!  and  interferogram  sampling  intervals  ire 
linked  by  a  rigid  relationship.  B\ 5j  =  1  2503.  Kven 
with  suitable  modifications  the  selection  of  any  spec¬ 
tral  range  and  spectral  sampling  interval  would  be 
difficult.  Speed  appears  limited  chiefly  by  the  hybrid 
sine  function  generator. 

Consider  the  desired  function  //  =  sin  (V  2)j  with 
(X.rCl  (Figure  33-li).  We  can  store  only  a  finite 
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number  2‘  of  ij  samples,  each  with  a  finite  number  of 
bits  k.  Thus,  in  fact  two  approximations  are  made, 
which  introduce  two  different  errors  e  >.  If  the 
quantification  is  fine  enough  it  is  reasonable  to  treat 
the  two  errors  as  statistically  independent,  and  the 
rms  resultant  error  i  will  be 


?=V<i2+«2-.  (33-7) 


33-3.2.1  FIRST  KRROR 

In  the  interval  xp<x<xp+i,  replace  y  by 
i'Jp+Up+i)  -•  The  error  is 


el=y-(yP+yP+i)/2^cos  xp^(x-xp)-— ij. 

(33-8) 


where  /»=  l,  2 - /> n„*  =  2'. 

The  error  is  illustrated  by  Figure  3.?  -(*.  Finally, 


Table  33-1.  Rms  Error  For  a  “Reasonable" 
Set  of  Solutions 


Number  of 
Words  2‘ 

“Optimum” 
Number  of 
Bits  k 

Rms 

Error 

256 

9 

8.1Q-4 

512 

10 

4.10"4 

1024 

11 

2.10"4 

2048 

12 

1.10-4 

4093 

13 

0.5  10-4 

sections,  the  first  holding  ordinates  and  the  second 
slopes.  The  sine  function  is  approximated  by  secants 
and  not  horizontal  lines.  But  the  range  of  precision 
needed  for  Fourier  spectroscopy  can  be  realized  with 
a  moderate  capacity.  The  first  results  (Figures  33-17 
to  33-21)  have  been  recorded  with  a  temporary  250 
word,  S  bit  memory.  The  final  version  will  include  a 
1024  word,  10  bit  memory  (11  bits  not  being  avail¬ 
able),  that  is,  i  - 10  and  k  = 10. 

The  distortion  in  the  computed  spectrum  can  be 
understood  in  several  ways.  For  instance,  in  the  case 
of  a  single  monochromatic  line  <r0  giving  an  interfero- 
gram  1(5)  =sin  27nr0<5,  the  normal  integral 


* 
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«,  =  1  2t-2‘.  (33-9) 


33-3.2.2  SECOND  KRROR 
Replace  the  yp  by  their  quantified  values  zp.  Use 
k  bits,  that  is,  2*  binary  levels.  The  error  eo  =  rP  — ;/P 
is  a  saw-tooth  function  of  constant  amplitude  1  2*+1 
and 


«2=  1/4-2*  (33-10) 


For  /  and  k  of  the  order  of  10,  halving  C|  means 
doubling  tin1  memory  word  capacity  while  halving  «2 
means  adding  one  more  bit,  thus  increasing  bit  ca¬ 
pacity  by  1  10  only.  It  is  logical  to  take  €|  >«2;  how¬ 
ever,  memory  price  is  not  a  simple  function  of  word  or 
hit  capacity  and  an  optimum  solution  is  hard  to  define. 
Table  33-1  gives  the  rms  error  for  a  ‘reasonable”  set 

of  solutions. 

Tin*  main  limitation  is  the  fact  that  the  error  de¬ 
creases  only  linearly  with  word  capacity  and  very 
high  accuracy  would  become  too  expensive.  A  large 
improvement  in  accuracy  for  a  given  memory  size 
could  be  realized  by  more  complex  addressing  schemes. 
For  instance,  the  memory  can  be  divided  into  two 


B(<r)  =  1 1(5)  sin  27r<r5  d5 


will  be  replaced  by 


B'(<r)  =  J 7(5)[sin  27r<r5+e(6)]  d5-B(<r) 

+  [sin2ir<r05  ■  t(5)  d5.  (33-11) 


Since  t(5)  is  a  periodic  function  of  5,  it  is  possible 
to  consider  the  terms  of  the  equivalent  Fourier  series, 
the  frequencies  of  which  will  be  <r,  2cr,  3<r, ....  Thus, 
the  integral  J  sin  2ttct05  •  e(6)  do,  which  represents  the 
error  term  in  B’(<r)  will  give  peaks  for  c=<r{)/‘2, 
<j  =o’c,  3,  and  so  forth. 

Subharmonics  of  the  line  will  appear  in  the  com¬ 
puted  spectrum,  including  many  high  order  terms. 
Since  in  practice  1(5)  is  sampled,  all  their  sampling 
images  will  be  present  also. 

Simulation  performed  with  a  general  purpose  com¬ 
puter  (Figure  33-7)  shows  that  the  first  subharmonics 
are  indeed  more  intense;  most  of  the  others  can  be 
treated  as  noise.  This  is  even  more  true  in  the  case  of  a 
complex  spectrum.  Thus,  in  general,  Table  33-1  can  be 
used  to  predict  the  additional  spectrum  noise.  The 
real-time  computer  res  from  an  artificial  interfero- 
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Figure  33-7.  General  Purpose  Computer  Simulation  of  Absorption  and  Emission  Spectra  Computed  bv  Classical  FT  I'sing 
Quantized  Sines 


gram  confirm  the  noise-like  aspect  of  the  errors.  This 
can  be  seen  by  looking  ahead  to  Figure  33- IS. 

33-3.3  Sine  Samples  Address  Computation 

33-3.3.1  PRINCIPLE 

Let  5,  be  the  interferogram  sampling  interval,  and 
let  /<>,  I\,  ,  /  v  be  the  samples;  the  path 

difference  for  /,.  is 

Let  <r,  be  the  spectrum  sampling  interval,  and 
Bn,  Bt, . . .  ,  Bm  the  samples;  the  wavenumber  cor¬ 
responding  to  Bm  is  mar.  In  general  the  entire  spec¬ 
trum  will  not  be  computed,  but  only  M < X  samples; 
if  n<T\  is  called  the  lowest  wavenumber  in  the  range, 
the  index  (m)  will  vary  from  ju  to  p+.l/. 

Computing  a  sampled  spectrum*  means  the  integral 


B(<r)  =  f tm %x  I(S)  sin  2**73  dS  (33-12) 
Jo 


is  replaced  by  the  sum 


b-JV 

Bm=  Z)  /Bsm2jrmn<7,  «i.  (33-13) 

B-0 


*  Function*  of  time  could  of  conr&e  be  t  rentes!  *  imply  by  replnrinf  *  by 
time  t  And  a  by  frequency  /. 


Since  the  function  z~sin  (ir/'2)x  has  been  stored, 
but  only  with  0<.r<l.  it  is  necessary  to  find  the 
proper  addresses  ,cp  from  the  argument  of  the  sine 
2irmnaib\.  A  very  simple  solution  is  found  if  cr 1 5 ,  is 
a  negative  power  of  2. 

While  5i  cannot  be  chosen  at  will  (since  it  has  to  be 
a  multiple  of  a  reference  wavelength  Xrof)  j  there  is 
some  freedom  in  selecting  *7i .  One  must  only  satisfy 


o-,<l/2  6n>ux=l/2.V3,.  (33-14) 


Consider  the  first  integer  h  greater  than  L2.Y,  or, 
in  other  words,  such  as  2A~'<.Y<2\  Select  a  spec¬ 
tral  sampling  interval 


which  satisfies  tie  alxtve  condition  and  in  general 
gives  some  oversampling.  Actually  there  will  be  no 
oversampling  at  all  if  it  is  elected  to  take  .V  = (which 

t  In  the  cttAc  nf  the  I0rt  sample  in'rrfernisrntw.  l\  i*  a  imiltiptc  of 
Xfv!  100 -3*1  A. 
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is  no  great  loss  of  freedom),  but  this  is  not  compulsory. 
Then 


o-i  5, 


1 

•>* 


(33-16) 


and 


The  first  two  terms  /10,  A  i  indicate  in  which  of  the 
four  quadrants  the  desired  sine  sample  lies  (Fig¬ 
ure  33-8).  If  i4o  =  0  (first  two  quadrants),  the  sign  of 
the  sine  will  be  positive;  if  A()=  1  (second  two  quad¬ 
rants),  the  sign  is  negative. 

The  next  ten  terms  A2 ...  Ai2  give  the  wanted 
address  in  the  1024  =  210  word  memory.  If 


£  /n  sin  2ir 

n=0 


mn 


(33-17) 


G  =  2M,2'2+  •  •  •  -M,,2-12],  (33-19) 


The  number  mn  2*  can  be  either  2-1,  but  in  any 
case  only  the  fractional  part  F  (with  0<F<1)  is  of 
interest.  Consider  F  written  in  binary  form  with 
h  bits. 

F-J[(.4o20+ A,2-') 

+  (.1  2-~2  +  •  •  ■  +.1  12-~12) 

+  •  •  •  +.l*2-'*-,,l,  (33- IS) 

in  which  the  coefficients  .1  are  either  0  or  1.  The  first 
two  terms  (.t «>,  .1 1)  and  the  next  10 terms  (.t2 . . .  .1 12) 
have  been  isolated. 


which  gives  0<(?<1,  then 


xp  =  G  if  A ,  =0  (first  and  third  quadrants) 

(33-20) 

xp  =  \  —  G  if  A  |  =  1  (second  and  fourth  quadrants) 

(33-21) 

33-3.3.2  REAL-TIME  OPERATION 
Computing  in  real  time  Sum  (33-17)  means  that  as 
soon  as  sample  /„  becomes  available  the  M  sine 
samples  corresponding  to  the  given  n  and  to  m=n, 
/t-|-l,M+2, . . . ,  (t+N  must  be  found.  Considering 
the  product  P  =  mn  during  this  sequence  gives 


Figure  33-S.  It . .  met  inn  of  ;i  Full  Sine  Function 

Period  From  I  lie  Stori'd  quarter  of  a  Period 


(m+1  )n,  G*+2)n  .  .  .  ,  (ji+M)n  (33-22) 


or,  putting  j  =  m—n  with  0<,/<Jl/, 


P  =  »H,  »n+n,  ■  ■  ■ ,  +  «/,  ....  nn+nM.  (33-23) 


Thus,  it  is  possible  to  go  from  one  P  to  the  next  by 
adding  n.  After  the  next  sample  /n+)  the  sequence  is 
the  same  with  n  increased  by  one  unit.  Figure  33-9 
gives  the  evolution  of  P;  it  is  seen  that  P  can  be  ob¬ 
tained  performing  additions  onl,  .  Figure  33-10  gives 
the  corresponding  block  diagram. 

The  first  step  is  the  selection  of  the  sampling  inter¬ 
val  i  and  of  the  starting  (mint  in  the  spectrum,  which 
is  defined  by  ju.  In  order  not  to  have  the  computer 
handle  needlessly  large  numbers,  aliasing  of  the  spec¬ 
trum  is  utilized.  The  free  spectral  range  2  =  1  25t  has 
been  selected  in  order  to.  avoid  overlapping.  Thus, 
<jZ<<r<  (ij+  1)2.  where  (/  is  an  integer.  There  are 
two  cases: 

33-3.3.2.1  Case  Where ;/  is  Even 
(Figure  33-11  (a) } 

In  the  range  0<<r<-  one  finds  an  identical  image 
of  the  "true"  spectrum.  Thus,  instead  of  using  n 
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Figure  33-9.  Evolution  of  the  Product  P-mn—na+Mj 
Available  in  the  20Bit  Parallel  Adder.  Each  row  corresponds 
to  one  input,  each  column  to  one  output.  Sequence  of  opera¬ 
tion  is  the  same  as  when  reading  a  printed  text 


defined  by  per i  =crmjn  it  is  possible  to  use  p  sucli  as 
p'<jx  =pori— <//2,  which  gives: 

p'=p-g2^, 

with 

0<p'<N,  (33-24) 


since  the  free  spectral  range  contains  N  spectral  ele¬ 
ments.  This  means  p  can  be  expressed  in  binary  form 
with  h  bits,  that  is,  stored  in  an  k  element  register. 
When  designing  the  computer  one  must  consider  //, 
the  maximum  possible  value  of  h;  H  =20  has  bee» 
taken. 


A  B(ff) 

la)  .COMPUTED  PiKGE  -TRUE  SPECTRUM 


AB!<r) 

.COMPUTE!.  RANGE  SPECTHJM 


lb) 


Figure  33-11.  Selection  of  Computed  Wavenumber  /»',  as  a 
Function  of  Wanted  Wavenumber  a-  Figure  corresponds  to 
the  sine  transform  of  an  odd  interferogrum 


33-3.3.2.2  Case  Where  g  is  Odd 
(Figure  33-1 1(b)) 

In  the  same  range  0<cr<2  an  inverted  image  of 
the  spectrum  is  found.  Then  consider  the  index  p 
corresponding  to  the  maximum  wanted  wavenumber 
(fieri  =<rmax)  and  actually  use  p'  such  that 


p'al  =  (g+l)/Z-p<r1.  (33-23) 


which  means 


/-(ff+l)2*-/i.  (33-2(5) 


and  one  still  has  0 <p'<.V. 


Figure  33-10. 


Block  Diagram  of  Address  Selector 
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Before  the  beginning  of  the  interferogram  the 
operator  enters  p'  into  a  manual  20  switch  register. 
Kach  interferometer  synchronization  pulse  I  delivered 
after  the  recording  of  each  sample  causes  the  addition 
of  the  fixed  register  content  p  into  an  accumulator  B; 
after  »  input  samples  li  will  hold  Mg'.  The  /  pulses  are 
directly  stored  in  a  20  bit  binary  counter  which 
registers  n.  Finally  a  gate  is  opened  which  delivers  a 
train  of  .1/  clock  pulses  at  a  1-MHz  rate;  these  are 
counted  by  an  .1/  preset  counter  which  closes  the  gate. 
This  counter  holds  number  j ;  the  contents  are  read  bv 
the  digital-to-analog  converter  which  gives  the  X 
oscilloscope  output.  Each  clock  pulse  in  the  train 
causes  the  addition  of  n  into  a  second  accumulator  .-i ; 
after  receiving  pulse  number  j,  A  holds  nj. 

A  parallel  adder  with  //  =  20  bits  sums  the  outputs 
of  both  accumulators,  and  thus  gives  the  sum  h/jl'+hj 
automatically  clipped  to  //  bits.  Since  only  h  <//  bits 
are  needed  to  represent  in  binary  form  F.  the  frac¬ 
tional  part  of  =  the  operator  selects  the  h  least 
significant  bits  with  a  multi|>ole  switch.  In  this  way 
the  wanted  spectral  sampling  interval  <Ti  =  l.  2*6]  is 
entered  into  the  computer. 

Out  of  these  h  bits  only  the  12  most  significant  are 
actually  used.  The  first  is  .1-,  and  gives  the  sine 
sample  sign;  the  second,  .l|,  inverts  the  order  of  the 
sine  memory  addresses;  the  next  ten  give  the  ad¬ 
dresses.  The  remaining  unused  LSB  would  correspond 


to  a  finer  subdivision  of  the  sine  function  than  i3  avail¬ 
able  (They  would  be  needed  if  the  two-stage  address¬ 
ing  scheme  mentioned  in  Section  33-3.2.2  were  used), 
and  these  LSB  are  not  used  for  addressing.  However, 
they  are  necessary  for  correctly  storing  P. 

33-3.4  Dota  Handling 

The  multiplier  has  only  a  10  bit  capacity,  which  is 
quite  insufficient  to  handle  the  interferogram.  The 
technique  already  described1  for  recording  large  dy¬ 
namic  range  interferograms  involves  manually  in¬ 
creasing  the  gain  by  factors  of  10,  102,  and  103  after 
the  signal  has  dropped.  The  gain  changes  are  recorded 
by  a  special  character  on  the  digital  magnetic  tape  for 
correction  during  the  a  posteriori  computation. 

The  same  procedure  has  been  kept  for  analysis  by 
the  real-time  computer  but  the  selected  gains  are  now 
1,  4,  16,  64,  2.1 6,  1024  =  210.  The  10  bit  multiplier 
output  is  correspondingly  shifted  by  0,  2,  4,  6,  8  or 
10  bits  at  the  24  bit  adder  input.  This  is  achieved  by 
a  direct  link  between  the  recording  system  manual 
attenuator  and  the  adder. 

The  integrating  digital  voltmeter  consists  of  a 
voltage-to-frequency  converter  (100  kHz  maximum, 
giving  2000  counts  maximum  at  .10  samples  per  sec 
and  more  at  slower  recording  rates)  and  two  reversible 
counters.  The  first  counter  is  decimal  and  provides 
.1  decades  BCD  output  to  the  tape  recorder.  The 


CIRCULATING  DELAY  LINE 
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second  is  binary  (14  bits  4-  sign)  and  the  output  goes 
to  the  real-time  computer.  The  counter  automatically 
detects  and  sends  the  10  most  significant  bits  used  to 
the  multiplier  input.  The  sign  and  exponent,  which 
can  be  2°,  2*,  22,  23,  or  2 4  are  sent  to  the  adder.  The 
net  result  is  that  any  interferogram  sample  between 
±32.670  can  be  measured  with  10  bit  accuracy,  mak¬ 
ing  less  critical  the  gain  adjustments  when  starting 
an  interferogram.  The  exponent  is  added  to  the 
manually  selected  exponent,  which  gives  an  overall 
dynamic  range  of  24  bits. 

33-4  SUMMARY  CIRCUIT  DESCRIPTION 

33-4.1  Arithmetic  Unit  (Figures  33-12  and  33-13) 

The  arithmetic  unit  contains  a  multiplier,  a  two’s 
complement  circuit,  an  adder,  and  a  program  generator 
which  delivers  pulses  to  command  the  sequence  of  an 
elementary  computation  cycle.  The  operations  are 
performed  using  a  pure  binary  two’s  complement 
code.  The  main  features  are:  (a)  fixed  point  multipli¬ 
cation  of  the  two  10  bits  +  sign  words;  (b)  two’s 
complement  of  the  multiplication  result;  and  (c)  float¬ 
ing  point  addition  of  10  bit  +  sign  words. 


AGO)  _ 

5HF1  ©^ _ 

CNO  _ 


tzr: _ . 


Figure  34-13.  Timing  of  Arithmetic  I’nit 


The  principle  of  operation  is  briefly  described  as 
follows: 


33-4.1.2  TWO’S  COMPLEMENT 

If  the  sign  of  the  product  is  minus  it  is  necessary  to 
take  the  two’s  complement  of  register  1)  content. 
This  is  done  in  two  steps: 

(1)  inversion  and  transfer  into  a  binary  counter, 
and 

(2)  a  pulse  ADD  1  is  fed  into  the  counter. 

If  the  sign  is  plus,  the  content  of  1)  is  transferred 
directly  into  the  adder. 

33-4.1.3  ADDITION 

Exponent  pulses  are  fed  into  tin'  0  input  of  tin* 
shift  left  register,  the  output  of  which  is  parallel  added 
to  the  word  coming  out  of  the  delay  lint*  memory. 
The  result  is  recirculated  into  the  memory. 

The  arithmetic  unit  is  implemented  with  fast  EC'l, 
logic  circuits  (Motorola  MFX'L  II).  The  total  time 
for  a  computation  cycle  is  actually  650  nsec;  multipli¬ 
cation  takes  650  nsec,  addition  520  nsec,  two’s  comple¬ 
menting  and  various  transfers  50  nsec. 

Using  the  same  circuits  but  a  more  elaborate  design 
including  a  parallel  multiplier,  a  look  ahead  carry  type 
adder,  and  a  data  selector  multiplexer  in  place  of  the 
shift  register,  the  time  could  be  reduced  to  less  than 
100  nsec. 

33-4.2  Output  Memory 

This  computer  was  designed  to  work  with  any 
sequential  access  memory.  Magnctostrictive  delay 
lines  ap|>eared  best  for  a  first  try;  MOS  shift  registers 
were  also  considered. 

The  lines  (Figure  33-14)  are  monitored  I ..  a  pulse 
generator,  which  includes  a  quartz  oscillator  of  period 
T  delivering  clock  pulses  ('I.K.  A  modulo  M  divider 
gives  out  FLAG  pulses  and  M  3  pulses  which  cor- 
res|x>nd  to  the  M-3  state  of  the  counter.  A  synchroni¬ 
zation  c  reuit  is  also  needed.  If  1)  is  called  the  line 
delay  time,  obviously  D  =  MT. 


DELAY  LME  I 

cirost 


DATA  M 


OAU  OUT 


33-4.1.1  MULTIPLICATION 

The  technique  is  classical,  and  uses  parallel  addi¬ 
tion  and  shifting.  The  DATA  multiplicand  and  the 
SINK  multiplier  arc  respectively  read  into  a  register 
and  a  shift  register;  initially  the  shift  register  D 
is  clear  *d. 

lit  the  first  rtep  the  multiplicand  is  multiplied  by 
the  multiplier  USIt;  in  binary  this  is  a  simple  AND 
o|*eration.  The  result  is  added  to  the  register  D 
content.  After  a  delay  which  permits  carries  to 
pn>|>agntc,  the  adder  output  is  read  into  register  /) 
upon  a  HEAD  IN  pulse  command.  Then  a  pulse  fed 
into  .1  and  H  shifts  one  place  to  the  right  tie*  contents 
of  the  registers. 

After  ten  similar  steps  register  D  contains  the  result 
of  the  mult iplieut ion  limited  to  the  10  MSB, 
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Figure  33-15.  Timing  of  Output  Memory 


A  START  pulse  (Figure  33-15)  given  by  the  DVM 
triggers  the  synchronization  circuit,  which  produces 
pulses  to  command  M-3  elenientarv  cycles;  this 
means  M-3  ADDRESS  pulses,  M-3  PROGRAM 
pulses,  and  a  GaTK.  The  GATE  enables  writing  the 
results  into  the  delay  lines  and  permits  their  recircu¬ 
lation  at  the  end  of  the  cycle. 

All  these  operations  are  illustrated  in  Figure  33-16. 
After  each  input  sample  is  treated,  note  that  the 
memory  content  is  shifted  by  one  T  period  relative  to 
FLAG.  Thus,  before  triggering  a  new  cycle  it  is 
necessary  to  delay  the  FLAG;  this  is  done  at  the  end 
of  a  cycle  by  inhibiting  one  CLK  pulse  at  the  M 
divider  input. 

During  each  elementary  cycle  the  following  opera¬ 
tions  proceed  simultaneously:  (a)  Word  j  read  out, 
ib)  Word  j  + 1  address  generation  and  sine  extraction, 
to)  Word  j  program  execution;  and  (d)  Word  j  — 1 
read  on.  The  actual  elementary  cycle  time  is  less 
than  I  psee. 

Hy  taking  a  delay  line  with  D  =  20  msec,  which  is 
the  maximum  delay  commercially  available,  and 


T  =  1  psec,  it  is  possible  to  store  20  000  words;  if  24 
parallel  lines  are  used  each  word  has  24  bits. 

A  direct  oscilloscope  output  with  a  50-Hz  sweep 
repetition  rate  is  obtained  through  an  11  bit  +  sign 
D— »A  converter;  the  11  MS  actually  used  bits  can  be 
selected.  A  pen  recorder  output  is  produced  by  select¬ 
ing  one  sample  per  line  recirculation.  Thus,  the 
spectrum  is  scanned  at  a  50  sample  per  sec  rate. 

33-5  OUTPUT  INTERPOLATOR-APODIZER 

The  digital  computer  output  consists  of  spec¬ 
tral  samples  with  separation  er To  obtain  a  suf¬ 
ficiently  accurate  spectral  curve  t"o  techniques 
are  possible.  One  could  use  considerable  oversampling 
(cr i  <  (1/5)- (l/25„,ax))  which  would  mean  a  pi  >or- 
tional  reduction  of  the  spectral  range  for  a  g  -n 
spectrum  storage  capacity.  A  better  solution  is  he 
use  of  an  output  interpolation.  J.  Connes  (Chapter  6) 
shows  that  convolving  the  output  s,  mples  by  the 
instrumental  line  shape  (ILS)  provides  the  wanted 
continuous  spectral  curve,  that  is,  both  apodiz;.  ion 
and  interpolation  at  the  same  time.  Between  2 
“primary”  adjacent  spectral  samples,  5  “si'ondary" 
interpolated  samples  are  computed;  20  primary 
samples  and  10  samples  of  the  (symmetrical)  convolv¬ 
ing  function  are  needed,  20  multiplications  and  20 
additions  being  involved.  Extremely  good  accuracy 
in  the  profile  of  the  final  ILS  is  realized. 

33-5.1  Digital  Interpolator 

A  fuliy  digital  interpolator-apodizer  could  be  built. 
The  wanted  ILS  would  be  stored  (5  sets  of  10  sam¬ 
ples).  Since  20  multiplications  and  additions  are 
needed  for  each  secondary  sample  and  5  secondary 
samples  are  wanted  per  primary  sample,  100  multipli¬ 
cations  and  additions  take  place  for  each  primary 
sample.  In  order  not  to  slow  down  the  FT  computer, 
only  1/100  of  the  primary  spectrum  storage  should  be 
read  during  each  20  msec  recirculation.  Presentation 
of  the  complete  spectrum  would  take  2  sec,  which  is 
more  than  adequate. 


♦ 


» 


START 

CLK 

FLAG 

M-3 


_J _ 

— t - 

_j _ 1 

i . .  i 

i  ii  t 

i 

i 

i  i 

i  t 

_i - 

% 

• 

- 1 

*-|FlA0  0ELAYGD  BY 

WOMB  LOCATION 
MnMC  COtfUTUiON 
CYCLE 

•OOKU  -SMC 
exnuncN 

mscKMt  extern  KM 


KKNK  LOCAION  Af’E*! 

COMMUTATION  CYCUE 


L 

1 

f 

MU  1 

«N<  1 

WWg  | 

.m-man: 

♦ 

m 

READ  OUT 

i 

|  \ 

i 

) 

»•« 

MRBI 

| 

.  1  . 

2 

J _ 

Hen 

raw 

• 

• 

l 

• 

WRITE  M 

MMMH 

i 

■mm  snu  muxs  see 

CLOCK 

rise 


tf  M 

SUNTB 

KVT 


OK  clock  rtmut 


T 


Firm-  33- Hi.  l 'oiii|Mi!.i»nm  (  \ rlc  Si  i|ik'Imt.  Won l»  liwatiim  miu  Ihp  memory  U-fixv  ami  afti  r  i-om|Mii,alii>n  cveh-  is  ah'  urn. 

TIh  mi'iiMirv  has  M  wools  rap  wily.  of  «  hit  l>  M-3  an'  arttially  imsj  to r  storing  l  In-  I  hi-  n-tunining  3  give  ihr  a-r o  • 

Inn- 


327 


If  the  separation  between  the  selected  primary 
samples  is  taken  equal  to  <rt,  apodization  is  optimum 
when  the  interferogram  scan  has  reached  $,„ax.  How¬ 
ever,  by  selecting  2<rx ,  3<Ti,  . . .  intervals,  one  can  get 
the  same  apodization  at  £max/2,  im»x/3, .... 

The  system  would  include  a  very  small  read-only 
memory  for  storing  one  (or  several)  convolving  func¬ 
tion,  a  random  access  memory  with  M/100  word 
capacity  for  storing  after  each  recirculation  the  needed 
primary  samples,  a  multiplier  and  adder.  Since  it  is 
not  necessary  to  have  continuous  apodized  and  inter¬ 
polated  presentation  of  the  data,  one  could  use  the 
already  available  multiplier  and  adder  by  interrupting 
the  interferogram  recording  for  2  sec  at  suitable 
intervals. 

33-5.2  Analog  Interpolator 

It  is  hoped  that  a  much  simpler  all-analog  inter¬ 
polator  will  prove  accurate  enough.  The  system  is  not 
fully  tested  and  only  the  principles  will  be  given. 
See  Figure  33-17. 

Since  the  delay-line  memory  is  clocked  by  a  quartz 
crystal  oscillator  with  frequency  d>=l  MHz,  the  pri¬ 
mary  spectral  samples,  after  D— *A  conversion,  are 
available  as  accurately  timed  voltage  pulses.  Their 
width  is  constant  and  small  compared  with  their 
1  psec  separation.  If  the  wanted  ILS  is  S(<r),  the 
necessary  convolution  can  be  performed  by  sending 
the  pulses  through  a  linear  filter  with  impulse  response 
<).  This  filter  can  be  understood  as  performing 
simultaneously  the  three  operations  necessary  to  a 
digital  convolution:  storage  of  the  primary  samples, 
weighting  by  suitable  coefficients  and  addition  of  the 
results.  If  20  samples  must  be  used,  the  total  duration 
of  the  impulse  response  is  20  psec. 

A  filter  with  any  given  impulse  response  can  be 
approximated  by  a  multitapped  analog  delay  line,  the 
outputs  of  which  are  summed  after  suitable  weighting. 
Since  higher  relative  accuracy  is  needed  for  the  central 
peak  than  for  the  much  weaker  sidelobes,  two  separate 
delay  Uims  B  and  C  will  be  used,  each  with  10  taps. 
The  first,  with  20  psec  total  delay,  will  synthesize  the 
sidelobes  and  the  second,  with  2/isec  delay,  will 
synthesize  the  central  peak. 


The  ILS  can  be  modified  by  changing  the  array  of 
weighting  resistors.  A  change  of  delay  lines  could  in 
principle  give  optimum  apodization  for  several  path 
differences,  but  this  seems  hardly  necessary. 

Better  approximation  for  a  given  number  of  taps  is 
realized  if  the  input  pulses  are  not  rectangular  but 
Gaussian.  These  can  be  approximated  in  various 
manners,  for  instance  by  applying  the  same  principle 
again  in  a  third  delay  line  A. 

33-6  RESULTS 

The  instrument  has  not  yet  reached  the  final  antici¬ 
pated  form  described  here.  The  multiplier,  adder,  and 
address  selector  are  complete  and  the  system  operates 
at  the  normal  clock  rate  of  1  MHz.  However,  an 
available  S  bit,  25fi  word  read  and  write  memory  has 
been  used  for  storing  the  sines,  while  waiting  for 
delivery  of  the  1000  word,  10  bit  read  only  final  ver¬ 
sion.  Only  one  delay  line  has  been  installed.  The 
words  are  stored  in  serial  form  and  contain  only  20  bits 
(instead  of  24  bits).  Capacity  is  thus  limited  to  1000 
spectral  samples.  Completion  of  the  system  means 
an  increase  in  capacity  only,  not  in  speed,  and  involves 
no  basic  or  technical  problems. 

The  accuracy  of  the  computer  has  been  tested  with 
an  artificial  sampled  sine  wave  interferogram.  Fig¬ 
ure  33-18  shows  four  portions  of  the  computer  ILS 
(unapodized)  and  shows  the  errors  implied  by  the  use 
of  a  quantified  sine  function.  The  input  is  an  artificial 
sampled  sine  wave  (0,  +1,0,  — 1.0.  .  .).  Each  of 
the  four  traces  corresjtonds  to  the  full  1000  sample 
output  and  individual  samples  are  not  visible.  Neither 
apodization  nor  interpolation  are  used.  The  central 
peak  of  the  sine  instrumental  function  is  shown,  to¬ 
gether  with  background  regions.  Major  oscillations 
are  distant  secondary  maxima  of  the  sine  function. 
“Noise”  is  due  to  sine  quantization  (S  bits,  2'»t>  words). 
When  the  number  of  input  samples  increases,  the 
central  peak  and  the  noise  grow  at  the  same  rate,  that 
is,  relative  noise  intensity  is  constant.  Unlike  true 
noise  originating  in  the  interferogram,  this  noise 
shows  no  correlation  between  samples,  or  in  other 
words  is  not  smoothed  by  the  instrumental  line  shape. 
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Figure  33-1!)  shows  tin1  expected  sharpening  of  the 
sine  function  ILS  when  the  interferogram  length 
increases. 

Figure  33-20  illustrates  how  the  computer  can  be 
used  for  cither  high  or  low  resolution  problems.  The 
absorption  spectrum  of  X20  between  4000  and 
’>000  cm-1  is  presented,  and  is  explained  as  follows. 
A  spectral  region  from  3S00  to  ">300  cm-1  is  selected 
with  tin  interference  filter.  Kuch  set  <;f  curves  cor¬ 
responds  to  one  interferogram  and  one  computer 
setting.  Within  each  set  resolution  increases  by 
factors  of  two.  The  full  1000  sample  output  is  pre¬ 
sented.  Xo  apodization  nor  interpolation  tire  used. 
The  pen  recorder  output  is  shown. 


(a)  Interferogram  sampling  interval  5 1  =0.1 7 ">  yu, 
computed  range  71/cr i  =3300  cm-1.  The  number  of 
input  samples  X‘  is  indicated.  The  maximum  path 
difference  6„mx  =  0.22  cm. 


5i  =0.175  /j. 

(b)  5 1  =  2.7  m 

(c)  5 1  =  2.7  m 

(d)  «!=2.7ju 


M<r,=3300cm-' 
Me i  =000  cm-1 
Mer,  =55  cm-1 
Mcr,  =7  cm-1 


a„mx  =  0.22  cm 
5mnst  =  1 .  t  cm 
5ii,hx  =  4.3  cm 

5n.nx  =  80  cm 
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Figure  33-19.  Sharpening  of  ILS  ag  the  Number  of 
Input  Samples  is  Increased  (Oscilloscope  Output).  The 
synthetic  interferogram  is  the  same  ns  for  Figure  33-17 


Figure  33-21  gives  the  first  results  of  the  incomplete 
interpolator.  Only  delay  line  C  is  used,  giving  syn¬ 
thesis  of  the  central  peak  alone.  The  input  “Gaussian  ” 
pulses  are  crudely  approximated  by  filtering  rectangu¬ 
lar  pulses  with  an  RC  network.  A  symmetrical,  but 
yet  unapodized,  instrumental  line  shape  is  thus  real¬ 
ized.  The  improvement  compared  to  a  simple  RC 
smoothing  is  already  apparent. 
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33-7  CONCLUSIONS 

The  computer  described  was  built  for  Fourier  spec¬ 
troscopy  as  practiced  at  Laboratoirc  Ainu?  Cotton, 
that  is,  for  very  high  resolution  in  the  near  infrared 
with  checking  of  only  a  small  fraction  of  the  entire 
spectrum.  However,  the  computer  might  be  used  for 
any  problem  in  which  the  speed  and  capacity  limita¬ 
tions  given  in  Figures  33-1  and  33-2  would  not 
be  exceeded. 

The  present  performance  could  definitely  be  im¬ 
proved.  Using  commercially  available  integrated 
circuits  and  memories  only,  a  factor  of  at  least  3 
(possibly  10)  improvement  in  speed  could  be  realized, 
giving  a  basic  computational  time  of 


1X10~7  sec<5<3X10-7  sec. 


Figure  33-20.  Absorption  Spectrum  of  NjO 
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This  increase  in  speed  would  make  the  instrument 
competitive  with  the  time  compression  analyzers 


Figure  33-21.  X-0  Fines  (Smile  Region  ns  Figure  .33-20(1) 

Willi  nml  Without  Analog  Interpolntor  (Oscilloscope  Output). 
The  device  is  not  completed  and  interpolates  lmt  does  not 
apodize  (see  text).  Figure  33-2ll(a)  compares  the  output  with 
the  sampled  input  and  Figure  33-2l)(h)  compares  the  output 
with  an  KC  smoothing  (ilter 
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which  h:» vt-  main  upplicat urns  in  the  field*  of  acousti- 
c:d  frequencies  The  advantages  of  better  accuracy 
through  ail  dignal  operation,  and  of  unlimited  resolu¬ 
tion  because  of  the  spectrum  storage  principle,  would 
be  kept. 

The  20  000  words  (and  500  900  bits)  output  ca¬ 
pacity  -elected  as  a  goal  roughly  corresponds  to  the 
economic  limit  of  magnetos*. rietive  delay  line  storage. 
However,  the  instrument  could,  with  very  little  modi- 
ficat  ion,  be  adapted  to  I  rum  or  disk  operation.  These 
provide  the  cheapest  sto  'age  per  bit  above  10''  bits. 

Thus  it  is  apparent  that  real-time  computation  of 
the  entire  spectrum  in  almost  till  Fourier  spectroscopy 
problems  is  technically  feasible  with  a  system  of  this 
type.  1  he  only  exception  is  Fourier  spectroscopy  of 
high  intensity  but  very  short  life  time  sources.  In 
such  cases  the  input  sampling  rate  should  be  limited 
by  receiver  bandwidth  only,  and  might  exceed  tin* 
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computer  speed,  at  least  when  a  large  M  is  wanted. 
See  Figure  22-2.  In  such  a  case,  a  posteriori  computa¬ 
tion  by  FFT  remains  the  only  choice. 

On  the  other  hand,  simplified  versions  of  the  com¬ 
puter  described  here,  with  reduced  capacity  and/or 
speed  and  accuracy  could  also  be  built.  In  all  cases 
the  system  should  be  much  cheaper  than  the  equiva¬ 
lent  FFT  computer  due  to  the  basic  simplicity  of  the 
addressing  scheme  and  to  the  elimination  of  large 
random  access  memories. 

Furthermore,  the  majority  of  Fourier  spectros- 
copists  use  continuous  scans  and  considerable  over¬ 
sampling  (X»M);  in  this  case  storing  the  spectrum 
instead  of  the  interferogram  gives  a  reduction  of 
storage  capacity.  Thus  even  when  recording  time  is 
short,  and  real-time  computation  is  of  no  interest  by 
itself,  the  computer  described  here  provides  the 
simplest  solution. 
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Abstract 


A  4096  word  memory  general  purpose  digital  computer  lias  been  successfully 
programmed  for  real-time  Fourier  transform  computations.  The  computer  operates 
on-line  with  a  double-beam  far-infrared  Michelson  interferometer,  and  can  trans¬ 
form  up  to  lf)00  frequency  output  points  from  each  interferogram  value  for  the 
case  of  a  single  spectrum,  or  up  to  750  frequency  points  if  two  spectra  are  to  be 
stored  and  ratioed.  The  total  time  of  computation  for  1500  frequency  points  is 
about  1.9  seconds.  The  performance  of  the  interferometer  computer  system  for 
spectroscopy  in  the  10-  to  1000-cm-1  spectral  region  is  illustrated  and  discussed. 


34-1  INTRODUCTION 

The  principal  disadvantage  of  the  interferometric 
Fourier  transform  technique  for  infrared  spectroscopy 
has  been  that  the  spectrum  of  interest  is  not  immedi¬ 
ately  observable  but  has  to  be  recovered  from  a 
lengthy  Fourier  transform  computation  of  a  recorded 
interferogram  function.  This  means  that  in  practice 
there  is  often  no  facility  to  judge  the  quality  of  the 
spectrum  during  an  interferogram  scan,  and  the  rate 
at  which  spectra  are  eventually  obtained  is  determined 
by  the  rapidity  with  which  interferogram  data  tapes 
or  cards  can  be  processed  by  a  large  digital  computer. 
This  often  involves  a  one-  or  two-day  wait  unless  time 
sharing  facilities  can  be  arranged. 

In  order  to  obviate  some  of  the  >  inconveniences, 
various  special-purpose  Fourier-trausform  computers 


have  been  constructed  to  work  or-line  with  laboratory 
interferometric  spectrometers.  Many  of  these  devices, 
however,  are  analog1-3  or  analog-digital4  in  nature 
and  have  been  restricted  by  the  absence  of  digital 
accuracy  or  by  the  limited  number  of  input-output 
values  that  they  can  process,  and  also  by  their 
inability  to  display  the  spectrum  until  the  interfero¬ 
gram  scan  has  been  terminated.  Notable  exceptions 
have  been  the  special-purpose  digital  computer  of 
Yoshinaga  et  al.®  and  the  analog  computer  of  Hoff¬ 
man*’  which  calculate  and  display  the  spectrum  after 
each  successive  interferogram  data  point  and  are 
capable  of  processing  up  to  1000  frequency  points  in 
the  output  spectrum  with  an  intensity  accuracy  of 
better  than  two  percent  full  scale. 

The  purpose  of  this  paper  is  to  describe  the  success¬ 
ful  utilization  of  a  small  (4K  memory)  general-purpose 


digital  riimpiitrr*  for  nil-line  Fourier  qicrtro.seopy. 
This  computer  ineorporates  the  advantage  of  a  real¬ 
time  inode  of  operation,  high  digital  accuracy,  and 
the  ability  to  compute  up  to  1500  frequency  points  for 
a  single  spectrum,  or  7.50  frequency  points  if  a  ratio 
of  two  spectra  is  taken.  The  method  of  programming 
and  performance  of  this  computer  when  used  on-line 
with  a  double-beam  far-infrared  Michelson  inter¬ 
ferometer  is  illustrated  and  discussed  in  the  following 
sections. 

34-2  INSTRUMENTATION 
34-2.1  Interferometer 

The  Michelson  interferometer  was  designed  for 
routine  spectroscopy  in  the  10-  to  1000-cm_1  spectral 
region,  using  an  aperiodic  mode  of  scanning  inter- 
ferogn.  is.  The  instrument  is  comprised  of  separate 

*  Yarian  Data  Machines  620/i  Computer. 


interferometer  and  sample  chamber  modules  and 
employs  an  all-reflecting  optical  system  of  approxi¬ 
mately  f /■>  aperture  and  7  cm  nominal  beam  diameter, 
the  ray  diagram  of  which  is  shown  in  Figure  34-1. 
The  radiation  source  is  a  water-cooled  12,5-W  high- 
pressure  mercury  arc  lamp,  and  polyethylene  tereph- 
thalate  films  of  various  thicknesses  mounted  on  a 
rapid-change  facility  are  used  as  beamsplitters.  The 
nioyrng  Michelson  mirror  is  mounted  on  a  high- 
precision  kinematic  table  which  is  driven  in  continuous 
fashion  by  a  synchronous  motor  via  a  gear  box  and 
lead  screw.  The  carriage  displacement  is  measured 
by  a  moir£  fringe  system  which  generates  a  pulse  for 
a  minimum  displacement  of  2.5  p  or  an  optical  path 
difference  of  5  /i.  The  maximum  drive  displacement 
is  5  cm  (a  later  version  uses  a  10-cm  displacement 
carriagef).  In  order  to  arrange  the  coincidence  of  a 
moir6  fringe  exactly  with  the  zero  path  difference 

t  Fourierspec  2000  Interferometer,  Soci6t6  Coders,  Parie,  France. 
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Figure  31-1.  Optical  Ray  Diagram  for  the  Far-Infrared  Interferometer  Described  in  the  Text 
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interferogram  position.  the  moirt1  grating  can  bo 
laterally  displaced  with  respect  to  tiie  interferometer 
carriage,  by  a  fine  adjustment  facility. 

The  sample  chamber  can  be  evacuated  inde¬ 
pendently  of  the  interferometer  chamber  by  means  of 
a  high  density  polyethylene  or  “TPX”*  window.7  As 
shown  in  Figure  34-1,  the  sample  chamber  optics 
incorporates  a  system  of  motorized  hinged  mirrors 
which  allow  the  sample  beam  to  be  switched  through 
separate  optical  paths  to  enable  transmission,  reflec¬ 
tion,  and  reference  interferograms  to  be  sequentially 
recorded  for  the  same  sample  without  disturbing  the 
state  of  instrumental  vacuum.  The  radiation  is  finally 
condensed  to  a  3-mm  diamond-windowed  Golay 
detector  by  means  of  internal  reflection  in  a  tapered 
copper  light  pipe.  Unwanted  high-frequency  radiation 
is  removed  by  a  black  polyethylene  filter  and  other 
well-known  far-infrared  transmission  filters  or  rest- 
strahlen  reflection  filters  as  required. 

34-2.2  Electronics  and  Computer  System 

The  interferometer  electronic  system  is  shown 
schematically  in  Figure  34-2.  The  main  sequence  of 
operations  is  as  follows.  The  modulated  detector 
output  at  12.")  Hz  is  amplified,  synchronously  rectified 
and  smoothed,  and  ,ed  to  a  digital  voltn.eter  which, 
on  receipt  of  a  moir6  command  pulse,  converts  the 
interferogram  signal  into  numbers  in  the  range  ±0999. 
For  the  purpose  of  real-time  Fourier  computations 
(see  Section  34-3),  and  to  increase  the  dynamic  range 

*  RcfiiBtered  trademark,  I.C.I.  Ltd,  England. 


of  the  digitizing  system,  tin1  electrical  interferogram 
signal  is  backed-ofT  by  a  highly  stable  constant 
voltage  so  that  the  average  value  of  the  interferogram 
function  well  away  from  zero  path  is  set  as  precisely 
as  possible  at  “zero”  volts.  The  digitized  interferogram 
values  are  normally  coded  and  transferred  to  punched 
paper  tape,  so  that  they  can  be  processed  on  a  large 
digital  computer.  In  the  system  described  here, 
however,  the  digitized  interferogram  values  are  fed, 
via  a  suitable  interface,  directly  to  a  small  Yarian 
620/i  digital  computer,  where  they  are  processed  in 
the  manner  described  in  Section  34  3.  After  the 
spectral  values  have  been  computed  and  stored  in  the 
computer  memory,  they  are  displayed  on  a  cathode 
ray  screen.  A  permanent  record  is  plotted  on  a  chart 
recorder  when  the  observed  spectrum  has  attained  the 
desired  quality. 

34-3  DETAILS  OF  COMPUTATION 

The  method  of  computation  closely  follows  that 
first  outlined  by  Yoshinaga  et  al.s  and  only  the  im¬ 
portant  details  relevant  to  the  use  of  the  small  digital 
computer  need  be  described  here. 

The  optical  power  spectrum  G(vi)  at  any  wave- 
number  vi  is  computed  from  the  single-sided  oscilla¬ 
tory  interferogram  function  I'(n  A.r)  =  / (n  A/)  —  ^  /(()). 
by  the  cosine  Fourier  transform 


H  =.V 

G(vi)  =  £  /  („  A.r)  cos  (2ir vin  A.r),  (34-1) 

n  =0 


SOURCE 


AMPLIFIER 

AND 

DEMODULATOR  I 


MOIRE 

FRINGE 

SYSTEM 


o 

z 

< 

2 

2 

O 

<J 

UJ 

N 


O 

O 


DIGITIZER 


MIRROR 

DRIVE 


VARIAN 

COMPUTER 

interferogram 

MONITOR 


PAPER 

TAPE 

PUNCH 


U - 1 


DIGITAL 

COMPUTER 


STORAGE 

DISPLAY 

UNIT 

SPECTRUM 

PLOTTER 

_ ) 


Figure  34-2, 


Interferometer  Klcctronirs  and  Computing  System 


her*  tin-  iti(f  I-  to  li:»\<‘  fx'Cit 

(•nin'ii!\  - : > 1 1 1 1 >!* •< I  ;il  rfu.ul.tr  interval-  Ax.  -tarting 
from  tin'  true  zero  jiitlli  inteilerograin  maximum  ami 
proceeding  In  Miinr  maximum  value  of  optical  path 
difference  ,\'  Ax.  rin'  sampling  interval  must  lie 
within  the  maximum  value  dictated  by  information 
theory,  according  to  the  bandwidth  of  optical  fre¬ 
quencies  received  by  the  detector. 

In  the  real-time  method  of  Fourier  transform 
computation,  the  spectrum  values  G(vi)  are  calculated 
for  a  predetermined  regular  array  of  frequencies  vi  at 
each  inter t'erogram  sample  point,  starting  at  //=(). 
The  computed  spectrum  is  then  built  up  in  detail  by 
the  addition  of  Givi)  terms  calculated  at  each  suc¬ 
cessive  interferogram  sample  point,  that  is,  for  all 
values  of  vi, 

G(vi)„  Givi),,  , -y /'(nAx)cos  (2zvin  Ax),  (34-2) 
where  G{ v).,  i  -  1). 


The  si-<v'V'rice  of  ojierations  iwxl  with  the  small 
digital  computer  system  described  here  is  illustrated 
in  Figure  34-3  and  may  be  summarized  as  follows: 

(!)  The  computer  is  first  initialized  with  the 
program  and  the  appropriate  experimental  param¬ 
eters  for  the  Fourier  transform  computation.  The 
programs  used  here  demand  that  the  frequency  range 
be  specified  bv  the  .starting  frequency  vn,  the  regular 
interval  at  which  the  frequency  array  is  calculated  Av 
(in  this  case  expressed  in  integer  units  of  O.Oo  cm-1), 
and  the  total  number  of  spectrum  points  M .  The 
interferogram  sampling  interval  Ax,  the  total  number 
of  interferogram  input  points  N,  and  the  choice  of 
which  one  of  ten  different  apodizing  functions,  or  no 
npodization,  is  to  be  used  must  also  be  specified. 
Furthermore,  information  as  to  whether  a  single-beam 
or  double-beam  ratioed  spectrum  is  to  be  calculated 
must  be  provided. 


- i'(n-Ax)  n  =  0,1,2, 


- l'(n- Ax  )A(n/N ) 


- I'(n-Ax)- A(n/N)  C0S(2irni/p) 

- £  l'(n- Ax)  A(n/N)  C0S(2irni/p) 


Figure  :i  l-lt. 


Summary  of  llenl-Time  Method  of  Fourier  Transformation  Deeerilied  in  the  Text 


(2)  Values of  t he  oscillatory  interferogram  function 
/'(<»  Ax)  are  obtained  directly  from  the  voltmeter 
output,  since  the  total  interferogram  signal  has  been 
electrically  backed  off  so  that  its  average  value  away 
from  zero  path  falls  at  zero  volts.  An  interferogram 
scan  is  started  a  short  distance  on  the  other  side  of 
zero  path  and  the  computer  is  instructed  to  commence 
Fourier  transformations  at  the  largest  interferogram 
value  received  and  to  erase  all  preceding  calculations. 
In  this  way,  Fourier  transformations  commence  at 
the  true  /( 0)  position,  provided  that  the  moir£  fringe 
system  has  been  regulated  to  give  a  sample  point, 
exactly  at  the  interferogram  maximum. 

(3)  If  required,  interferogram  values  l'(n  Ax)  may 
then  be  multiplied  by  a  linear  apodizing  function  of 
the  form 


•■!,(«  A  )  =|1  —  ("</  HiA’l). 


where  the  integer  q  is  specified  by  the  operator  and 
can  take  values  between  1  and  10.  No  apodization 
corresponds  to  the  case  </  =  (). 

(4)  The  values  of  cosine  {'lirvin  Ax)  are  determined. 
This  is  achieved  in  the  following  way.  Since  the 
frequency  spectrum  is  calculated  at  regular  intervals 
Au,  the  cosine  term  may  be  expressed  as 


cos  ( 2irviit  Ax)  =  cos  ('liri  Avn  Ax)  —  cos  ('lit in  />), 

(••id-4) 
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Figure  34-4.  Photographs  of  Visual  Display  Sraen  Taken  at  Various  Intervals  During  the  Sean  of  a  High  desolation 
Water  Vapor  Interferogram 


u*. 

«!ht*  r  _li  Jj-i  and  i*  :t  eon-iant  fur  ;iny  par- 
timl  ir  I  miri'  r  Iran-form  'mta! »■  tit .  :inii  t  lakes  a 
raw:*'  of  mti-grai  values  <>i  c„  Jr,  r„  Jr-f!..  ,  , 
!•„  Jr-I  f  .1/  —  1 ) .  For  each  new  value  of  n  the  computer 
fabricate'  the  ranee  of  values  m  p  determines  the 
-ig!i  of  the  cosines  anil  reduces  the  values  uf  Hi  p  to 
the  ei|iiivalent  angle  falling  in  the  first  quadrant, 
0-  7T  2. 

The  "reduced"  values  of  iii  p  are  then  compared 
with  a  prestocked  table  of  1024  m  p  values  in  the 
computer  memory  whose  cosine  values  are  arrayed 
between  1  and  0  at  regular  intervals  of  2_,°.  The 
computer  finds  the  cosine  of  the  tabulated  m  p  value 
which  gives  the  closest  match  to  the  fabricated  value, 
by  an  incremental  method  of  search. 

In  order  to  reduce  the  number  of  operations  for 
fabricating  a  series  of  ni  p  values  at  a  given  value  of 
»,  new  values  are  (|iiiekly  formed  by  the  simple  addi¬ 
tion  of  n  Si  p  to  the  preceding  value  in  the  series, 
where  Si  is  the  basic  increment  bv  which  i  changes. 

(.">)  The  apodized  interferogram  values 


/'(»  Sx)A«(n!N) 


are  weighted  by  the  appropriate  value  of  cosine 
(2tt/i/  p).  The  product  is  generated  by  a  method  of 
incremental  addition  which  proceeds  in  step  with  the 
search  routine  of  the  table  of  cosine  values,  and  obvi¬ 
ates  the  need  for  the  separate  computer  operation  of 
multiplication.  The  process  of  computation  is  simpler 
and  faster  as  a  result. 

to)  The  values  of  the  products  formed  in  step  5  are 
stored  in  the  separate  addresses  of  the  computer 
memory  allocated  for  the  range  of  spectrum  points  M . 
In  the  system  described  here,  up  to  l .">()()  frequency 
points  can  be  stored  for  a  single  beam  spectrum.  As 
successive  new  values  are  formed  corresponding  to 
additional  samples  of  the  interferogram,  the  data  in 
each  address  are  read  out,  modified  by  the  addition  of 
the  new  value  and  the  accumulated  result  is  rewritten 
into  the  same  address. 

(7)  The  spectrum  is  displayed  <m  a  cathode  ray 
screen  after  each  successive  interferogram  point,  by 
means  of  a  high  speed  I)  A  converter  (see  for  example 
figure  34-4). 

(S)  When  the  predetermined  number  of  interfero¬ 
gram  points  have  been  scanned  or  when  the  accumu¬ 
lated  spectrum  is  considered  to  have  reached  the 
desired  quality  as  evidenced  by  the  display  screen,  the 
array  of  spectrum  values  stored  in  the  computer 
memory  can  be  plotted  on  a  strip  chart  recorder,  by 
means  of  the  I)  A  converter.  A  second  pen  on  the 
strip  chart  recorder  synchronized  to  the  computer 
readout  rate  marks  out  the  frequency  scale  at  regular 
predetermined  intervals  (see  for  example,  figure  34-5). 

('.It  W1  on  a  double-beam  ratioed  spectrum  is  to  be 
obtained,  up  to  750  frequency  (mints  can  be  allocated 
in  the  computer  memory  for  the  "Background”  anti 


“Sample”  *pcctra.  The  ratioed  value  of  the  two 
spectra  is  then  obtained  as  a  strip  chart  recording  of 
an  analog  signal  between  0  V  and  .">  V,  which  eorre- 
sp<  Is  to  ratio  values  between  0  and  100  percent. 


Figure  34-5.  Chart  Recording  of  Water  Vapor  Spectrum 
Obtained  After  45  Minutes  Shown  in  Figure  34-4 


The  computer  memory  locations  of  4090  10-bit 
words  are  distributed  as  follows :  frequency  locations, 
loOO  words;  table  of  cosine  values,  1024  words; 
program  and  instructions,  1.572  words. 

The  time  of  digital  computation  T  is  found  to  be 
almost  directly  proportional  to  the  number  of  spec¬ 
trum  points  calculated  M,  and  follows  an  empirical 
relation 


:r~0.0f>+  1.2X  10_:‘  M  sec.  (34-.-)) 


The  time  for  calculation  of  1000  frequency  points 
is  thus  about  1.25  sec,  as  compared  to  0.45  sec  for  the 
special  purpose  computer  of  Yoshinaga  et  nl.4  in  which 
tlie  1000  frequency  (mints  are  computed  in  parallel. 

The  rate  at  which  spectra  are  plotted  depends  upon 
the  intensity  variations  and  the  response  time  of  the 
chart  recorder,  but  it  normally  falls  in  the  range  2  to  5 
frequency  (mints  per  second.  The  time  to  plot  out  a 
full  spectrum  of  1500  frequency  'mints  is  thus  about 
5  to  12  minutes. 

The  limiting  precisions  of  the  various  operations 
involved  in  the  data  logging  and  computing  system 
may  be  listed  as  follows; 


Quantization  accuracy  of  A  D 
converter 

Accuracy  ot  estimating  cosines  from 
table 

Stated  accuracy  of  I)  A  converter 
Accuracy  of  pen  recorder 


±1  in  5000 

±1  in  2000 
±  I  in  2000 
±1  in  -200 


* 


> 
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.Since  in  practice,  quant izat inn  error*  of  the  A  f) 
converter  and  emirs  in  determining  the  cosine  terms 
may  be  assumed  to  be  fairly  random,  the  calculated 
accuracy  of  a  summation  involving  a  hundred  or  so 
terms  becomes  very  much  higher  than  that  of  a  single 
term,  which  may  be  estimated  at  ±1  part  in  about 
1800  from  the  above  figure-s.  It  is  obvious  that  the 
accuracy  of  calculation  is  considerably  higher  than 
the  limiting  accuracy  of  the  pen  recorder  used  to  plot 
spectra. 

34-4  RESULTS 

It  is  instructive  to  discuss  the  performance  of  the 
interferometer-computer  system  in  terms  of  the  speed, 
accuracy,  and  versatility  with  which  results  can  be 
obtained.  Clearly,  the  maximum  rate  at  which 
interferograms  can  be  scanned  and  transformed  in 
real  time  is  limited  first  by  the  speed  at  which  inter¬ 
ferograms  can  be  scanned  without  serious  distortion, 
and  second  by  the  speed  at  which  the  desired  array  of 
frequencies  can  be  calculated  compared  to  the  rate  of 
arrival  of  successive  interferogram  data  points.  Table 
34-1  lists  typical  speeds  at  which  the  interferometer 
can  be  used  to  scan  different  ranges  of  the  far-infrared 
spectrum,  together  with  the  maximum  interferogram 
sampling  intervals  that  can  be  used  in  each  case,  to 
minimize  the  rate  of  data  arrival. 

Table  34-1  also  shows  the  maximum  number  of 
frequency  points  that  can  be  calculated  under  the 
various  experimental  scanning  conditions,  using  the 
relationship  expressed  in  Eq.  (34-5). 

It  should  be  noted  that  the  real-time  method  of 
calculation  does  not  necessitate  the  storage  of  inter¬ 
ferogram  values  in  the  computer  memory,  and  there 
is  thus  no  restriction  on  the  number  of  interferogram 
values  that  can  be  processed.  This  allows  the  maxi¬ 
mum  resolution  capability  of  the  interferometer  to  be 
fully  utilized.  Furthermore,  in  cases  where  the  number 
of  spectrum  points  available  in  real  time  is  unduly 
restricted  by  the  rapidity  of  arrival  of  interferogram 
data  points,  the  desired  maximum  1500  points  can  be 
obtained  by  either  reducing  the  interferogram  scan 
speed  or  by  employing  optical  filters  to  restrict  "  e 


Figure  34-6.  Double  Beam  Uefleetion  Speetrum  of  an 
NaCI  Single  Crystal.  (Scan  time:  00  sec/interferogram) 


Figure  34-7.  Single  Beam  Transmission  Spectrum  of  a 
Powdered  Sample  of  Cyelo  Kthyl  Di-sulplione  Iteecded  in 
3  Minutes 


Table  34-1.  Operating  Parameters  for  Interferometer-Computer  System 


Frequency 

Range 

Typical 
Interferogram 
Scan  Speed 

Sampling 

Interval 

No.  of 
Samples/Sec 

Maximum  No.  of  | 
Frequency  Points  ; 
in  Real  Time  J 

0-1000  cm-1 

2  g/sec 

5m 

04 

1500*  i 

0-500  cm-1 

5  p/sec 

10  m 

0.5 

0-250  cm-1 

10  m/s ec 

10m 

:'V."  IKV 

800  i 

20  m 

ir&  mi&m::. : 

0-100  cm-1 

20  p/ see 

20m 

v  i'i  .nfiMfrcy 

i."  ■  ■ 

40m 

0.5 

bit- 

0-50  cm-1 

oGm/soc 

40m 

125 

623  j 

80  m 

0.63 

1300 

'Minimum  itociM  nple*  it  loot'd  in  m*morv 
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opt  leal  ban' Until  h  of  frequencies  and  using  a  larger 
interferogram  sampling  interval  as  allowed  by  in¬ 
formation  theory.  Figures  ;$4  5  to  7  show  far  infrared 
spectra  recorded  at  various  resolutions  under  typical 
scanning  conditions,  which  illustrate  the  capabilities 
of  tlie  system  for  routine  far-infrared  spectroscopy. 

'The  photometric  accuracy  of  the  interferometer 
real-time  computer  system  deseribed  here  is  de- 
t-  rminetl  principally  by  the  precision  with  which  an 
interferogram  sampling  point  can  be  arranged  to 
coincide  with  the  true  zero-path  interferogram  maxi¬ 
mum,  since  the  present  method  of  computation  does 
not  take  account  of  phase  errors. s'9  For  the  cosine 
Fourier  transform,  such  effects  produce  both  an 
asymmetry  in  the  instrumental  scanning  function 
and  a  distortion  in  the  spectrum  baseline,  which 
becomes  exceedingly  pronounced  at  higher  frequencies. 


To  obtain  less  than  1  percent  distortion  of  the  highest 
frequency  present  em„,  it  is  necessary  for  the  phase 
error  e  to  be  <1  percent  of  the  sampling  interval, 
which  is  a  difficult  condition  to  satisfy  in  practice. 

With  the  fine  adjustment  facility  of  the  moir6 
fringe  system  used  in  this  instrument,  it  is  possible 
with  a  little  care  to  record  interferograms  consistently 
with  phase  errors  estimated  to  be  less  than  5  percent 
of  the  sampling  interval,  as  judged  by  the  sampling 
interval,  as  judged  by  the  symmetry  of  values  on  each 
side  of  the  steep  zero  path  interferogram  maximum. 
For  the  smallest  sampling  interval  of  5  p,  phase  errors 
of  this  magnitude  could  lead  to  intensity  distortions 
about  10  percent  full  scale  or  more  at  1000  cm-1  but 
considerably  less  at  frequencies  below  500  cm-1. 

To  illustrate  the  precision  with  which  interfero¬ 
grams  can  be  recorded,  Figure  34-8  shows  a  high 
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Figure 

time  :l  hour*) 


High  Krfuitilioa  Water  Vapor  Sptvlrum.  Awrmhlrd  From  Thfve  Separate  Doutdc-Heam  Srsuia.  (Total  rrrorrting 


resolution  double  beam  water  vn|x>r  s|>cctnmi  ob¬ 
tained  as  a  composite  of  spectra  recorded  over  three 
separate  frequency  ranges.  All  the  well  documented1" 
water  vapor  absorption  lines  are  reproduced  with  the 
expected  relative  intensities,  and  the  spectrum  shows 
little  or  no  effects  of  distortion  as  evidenced  by  the 
symmetry  of  the  lines  and  the  flatness  of  the  trans¬ 
mission  baseline.  Figure  d4-9  shows  a  high  frequency 
mercury  arc  spectrum  recorded  in  the  100-  to  OoO- 
cm_l  spectral  region.  This  also  shows  little  evidence 
of  phase  errors  as  the  strong  absorption  bands  of 
polyethylene  and  Melinex  in  the  700-  to  OOO-cm-1 
region  flatten  near  zero  and  do  not  take  negative 
values  as  would  normally  be  the  case  for  an  incorrectly 
sampled  interferogram. 
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Figure  34-9.  High-Frequency  Single- Beam  Instrumental 
Background  Spectrum  Recorded  in  10  Minutes 


Other  limit. »•  i« m-  to  the  photometric  accuracy  of 
the  system  described  here  are  common  to  other  inter¬ 
ferometric  spectrometers  and  arise  mainly  from  effects 
of  source  or  detector  drift  during  and  between  the 
scanning  of  iuterferograins.  Such  drift  causes  the  100- 
percent  level  for  double-beam  transmittance  or  re¬ 
flectance  measurements  to  be  in  error,  and  may  also 
introduce  noticeable  sinusoidal  distortions  in  the 
computed  spectrum  due  to  the  shift  of  the  interfero¬ 
gram  baseline  away  from  zero  volts.  These  effects 
can  be  minimized  by  water  cooling  the  (iolay  detector 
and  by  running  the  source  in  a  permameiit  vacuum. 
With  care,  such  intensity  errors  may  be  restricted  to 
one  to  two  percent  full  scale. 

34-5  CONCLUSIONS 

The  4K  memory  general  purpose  digital  computer 
system  described  here  has  proved  fully  adequate  for 
the  needs  of  routine  far-infrared  Fourier  spectroscopy 
by  virtue  of  its  full  digital  accuracy  and  the  large 
number  of  spectrum  |x>ints  that  can  be  calculated  it 
one  time.  Furthermore,  its  ability  to  be  programmed 
in  a  real-time  mode  of  operation  reduces  the  spectrum 
acquisition  time  to  a  minimum,  and  gives  the  operator 
full  control  ta  evaluate  and  determine  the  course  of 
his  e.\|H‘riment.  The  principal  limitation  of  the  real¬ 
time  method  of  programming  described  here  is  the  lark 
of  a  phase  error  correction  procedure,  which  could 
allow  noticeable  intensity  errors  to  be  introduced 
particularly  at  frequencies  >.'>00  cm-1  unless  the 
interferometer  is  very  carefully  adjusted  for  the  exact 
coincidence  of  a  sampling  'mint  at  the  zero  path 
position.  It  seems  unlikely  at  this  moment,  however, 
that  phase  error  correction  procedures  can  be  carried 
out  without  endangering  the  .-peed  of  the  real-time 
method  of  computation,  or  substantially  reducing  ti 
number  of  frequency  |M>ints  that  ca>>  be  calculated. 
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Discussion 

Q.  (L.  Mertz,  Smithsonian  Astrophvsical  Ob¬ 
servatory):  Does  phase  information  have  to  be 
available  a  priori ? 

A.  (II.  Milward):  The  real-time  method  of  trans¬ 
formation  described  here  does  not  make  any  provision 
for  either  the  estimation  or  correction  of  phase  errors, 
and  demands  the  exact  coincidence  of  a  sampling 
point  with  the  zero  path  interferogram  summit. 


where  all  words  are  of  lti-bit  magm tilde. 
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35.  Application  of  Phase  Correction  to  Mult’olexing 

Fourier  Spectroscopy 


L.  W.  Thorpe 
Beckman  R.I.I.C.  Ltd 
Wonley  Bridge  Road 
London,  S.E.  76,  England 


Abstract 


A  method  for  digital  correction  of  phase  errors  existing  in  the  interferogram 
obtained  from  a  multiplexing  Fourier  spectrometer  is  discussed.  The  technique 
demonstrated  uses  interferograms  obtained  from  a  mock  interferometer.  The 
whole  process  is  shown,  from  the  input  interferogram  to  the  complete  corrected 
interferogram,  with  the  effect  on  the  spectrum.  There  is  a  discussion  of  a  method 
of  transforming  a  large  data  array  in  only  half  the  computer  memory  normally 
required. 


35-1  INTRODUCTION  are  not  directly  available,  but  have  to  be  recovered 

from  lengthy  Fourier  transform  computations  per- 
Fourier  spectroscopy  is  the  technique  of  recovering  formed  on  a  digital  computer, 

the  power  spectrum  of  a  particular  radiative  source  The  earlier  Fourier  transform  programs  used  for 

by  Fourier  transformation  of  a  recorded  interferogram.  this  purpose  were  often  time  consuming  and  therefore 

The  most  commonly  used  Fourier  spectrometers  are  costly  and,  furthermore,  they  did  not  make  adequate 

both  interferometric  and  multiplexing,  and  include  provisions  for  correction  of  phase  errors  and  other 

the  Michelson  and  lamellar  grating  interferometers.  instrumental  ei.ors  incurred  during  the  recording  of 

Most  of  the  interferograms  discussed  here  were  the  interferograms.  These  instrumental  errors  and 

obtained  using  a  mock  interferometer  which  is  their  eff  .  on  the  computed  spectra  have  since  been 

multiplexing  and  Fourier  but  not  interferometric.  The  studied  in  detail  by  J.  Comics.2 

term  Multiplexing  Spectrometer  will  be  used  to  refer  Recently,  fast  Fourier  transform  routines  which 

to  the  three  instruments  upon  which  the  computations  reduce  the  computation  time  for  transforms  involving 

process  has  been  proved.  many  data  points,  as  well  as  more  powerful  methods 

The  Fourier  transform  technique  has  received  of  correcting  interferograms  have  been  devised.3'0 
considerable  application  in  the  last  decade  in  the  The  use  of  a  correction  technique  involves  a  fairly 

fields  of  far-infrared  spectroscopy  and  infrared  large  computer,  and  the  necessity  of  efficient  storage 

astronomy,  where  the  multiplex  advantage1  helps  to  of  the  program  and  data  becomes  acute.  This  paper 

overcome  the  difficulties  encountered  in  the  measure-  deals  with  a  general-purpose  fast  program  to  correct 

ment  of  weak  radiative  sources.  The  principal  dis-  the  errors  described  above,  and  with  the  development 

advantage  of  the  method  is  that  the  spectra  of  interest  of  a  routine  to  transform  a  very  large  number  of  data 


(mints  when  only  :i  portion  of  the  output  spectrum  is 
required. 

35-2  CORRECTION  TECHNIQUE  PROGRAM 

in  the  ideal  case  the  interferogram  produced  from 
the  types  of  multiplexing  spectrometer  discussed  above 
should  he  a  perfect iy  symmetric  function.  In  practice 
however,  the  digitally  recorded  interferogrnm  may  be 
asymmetric  due  to  the  imperfect  sampling  of  the 
interferogram  at  and  around  the  zero-path  difference 
(xssition.  while  real  asymmetry  can  be  produced  when 
a  dis|M*rsive  medium  is  placed  in  one  arm  of  the 
Michclson  interferometer,  which  causes  the  optical 
path  differences  to  vary  with  the  frequency  of  the 
radiation. 7,12  In  the  ideal  case,  the  spectral  distribu¬ 
tion  is  given  by  the  cosine  Fourier  transform  of  the 
interferogram  from  the  zero-path  difference  out  to  the 
final  sample  (mint.  In  the  uonideal  case  the  spectral 
distribution  is  usually  obtained  from  the  asymmetric 
recording  as  the  modulus  of  the  complex  Fourier 
transform,  using  an  interferogram  with  an  equal 
number  of  points  on  either  side  of  the  zero-path 
difference  position. 

This  process  was  shown  by  (’mines2  to  have  two 
disadvantages:  (a)  the  interferometer  must  be  capable 
of  producing  twice  the  travel  and  twice  the  number  of 
sample  (mints  required  in  the  ideal  case;  (b)  the 
production  of  the  modulus  of  a  complex  number  is  a 
nonlinear  process  and  the  noise  in  the  final  spectrum 
is  no  longer  constant,  but  increases  as  the  signal 
decreases.  It  was  shown  by  Format!,  Steel,  and 
Yanasse,3  that  an  asymmetric  interferogram  could  be 
corrected  if  it  is  assumed  that  a  function  <t>(V)  exists 
and  represents  the  phase  errors  present  in  either  the 
equipment  or  the  associated  recording  electronics  or 
both.  The  phase  function  0(F)  is  calculated  from  a 
portion  of  the  interferogram,  beginning  at  a  small 
displacement  before  the  zero-path  difference  position 
to  an  equivalent  point  after  the  zero-path  difference 
position. 

From  the  phase  function  the  correction  function  is 
obtained  by  Fourier  transformation  of  exp|f<fr(F)]. 
This  function  must  be  apodized  and  convolved  across 
the  input  interferogram  in  order  to  form  an  auto¬ 
correlation  function  with  little  or  no  asymmetry.  The 
apodization  of  the  correction  function  is  essential  as 
this  reduces  the  modulation  at  the  ends  of  the  correc¬ 
tion  function,  which  otherwise  produces  spikes  in  the 
corrected  interferogram  and  hence  spurious  ripples  in 
the  final  output  spectrum. 

To  find  the  optimum  apodization  function  to  be 
used  with  the  Fourier  transform  of  exp  [/0(F)],  a 
number  of  tests  were  performed  using  analytic  data 
which  had  known  phase  errors  present.  The  analytic 
interferogram  was  developed  by  the  computer  to 
represent  a  bandpass  box-car  function  similar  to  the 
bandpass  of  a  mock  interferometer,  with  two  absorp¬ 
tion  lines  and  an  emission  line.  This  type  of  test 
spectrum  was  selected  as  it  compares  with  the  band 
pass  spectrum  of  a  mock  interferometer  when  used  in 
the  study  of  emission  lines  present  on  a  continuum 


containing  atmospheric  absorption  lines.  It  can  also 
be  used  to  assess  the  effects  of  the  computational 
procedure  upon  cut-on  and  cutoff  regions  of  a  spec¬ 
trum  and  the  effect  upon  the  ratio  of  known  level  in 
the  spectrum.  Figure  35-1A  shows  this  test  function 
when  the  input  interferogram  had  no  phase  errors 
present,  and  this  can  be  used  as  a  comparison  with  the 
output  from  the  correction  procedure  when  the  input 
interferogram  contained  phase  errors  linearly  de¬ 
pendent  upon  frequency,  and  the  correction  function 
has  been  apodized  with  the  specified  function.  Figure 
35-1B  shows  the  cosine  Fourier  transform  of  the  input 
interferogram  when  it  contained  phase  errors  linearly 
dependent  upon  frequency. 

Figure  35-lC  shows  the  transform  of  the  corrected 
interferogram  when  the  correction  function  was 
apodized  with  an  exp  (— X 2)  function,  and  Figure 
35-1 D  shows  the  transform  of  the  corrected  interfero¬ 
gram  when  the  correction  function  was  apodized  with 
a  (1  — A'2)2  type  of  function. 

This  correction  technique  is  only  meaningful  when 
the  signal-to-noise  ratio  in  the  portion  of  the  inter¬ 
ferogram  around  zero-path  is  adequate  (>30  say)  to 
produce  a  smooth  phase  function  in  the  region  of 
frequency  space  involved  in  the  input  data.  If  the 
signal-to-noise  ratio  is  not  sufficient  and  the  multi¬ 
plexing  spectrometer  is  stable  with  time,  it  is  possible 
to  precalibrate  the  phase  function,  and  hence  the 
correction  function,  using  a  high-energy  radiative 
source.  The  correction  function  obtained  in  this  way 
may  then  be  used  to  correct  low  signal-to-noise  ratio 
interferograms  without  producing  nonlinear  effects  on 
the  signal-to-noise  ratio  in  the  spectrum. 

The  Cooley-Tukey  algorithm®  was  used  during  the 
tests  and  also  in  the  development  of  a  general-purpose 
computer  program  for  the  correction  of  asymmetric 
interferograms  obtained  in  Fourier  spectroscopy.  The 
complete  program  has  been  used  with  considerable 
succes  to  correct  interferograms  obtained  from  the 
three  i,.  iplexing  spectrometers  mentioned  earlier, 
and  results  sire  shown  of  the  mock  interferometer  and 
Michelson  interferometer  outputs. 

The  mock  interferometer911  has  been  used  in  the 
laboratory  on  known  emission  line  sources  and  has 
been  uibject  to  preliminary  tests  in  the  field  of 
observational  astronomy.  The  results  gave  instrument 
calibration  spectra  and  “blue  sky”  spectra  in  the  near 
infrared.  The  instrument  is  to  be  used  in  the  near 
future  to  obtain  spectra  of  gaseous  nebulae  in  the 
near  infrared  and  to  investigate  the  transmission 
properties  of  the  earth’s  atmosphere. 

Figure  35-2  shows  the  complete  correction  process 
performed  on  an  interferogram  obtained  from  a 
laboratory  line  source,  and  a  discussion  of  its  layout 
follows.  The  graphs  at  the  upper  left  and  the  lower 
left  sljow  the  complete  input  interferogram,  and  the 
region  around  the  zero-path  difference  position  used 
in  the  phase  error  computations,  respectively.  It  can 
be  seen  from  these  two  graphs  that  this  interferogram 
is  antisymmetric  and  has  considerable  low-frequency 
drift,  in  the  region  around  the  zero-path  difference 
position.  The  graph  at  the  lower  center  shows  the 
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The  cosine  correction  function  shown  in  the  center- 
center  position  is  then  convolved  across  the  input 
interferogram  to  produce  the  symmetrized,  corrected 
interferogram  shown  in  the  top  right  and  center  left 
graphs  of  Figure  35-2.  The  cosine  Fourier  tiansforms 
of  the  input  interferogram  and  the  corrected  inter¬ 
ferogram  are  compared  in  the  lower  right  and  center 
right  graphs  of  Figure  35-2  and  demonstrate  how 
effective  the  process  is  even  on  line  spectra,  and  that 
the  signal-to-noise  in  the  transform  of  the  corrected 
interferogram  appears  better  than  in  the  transform  of 
the  uncorrected  interferogram.  The  results  obtained 
are  at  the  expected  resolution  and  the  instrumental 
profile  can  be  seen  to  be  symmetrical.  The  trans¬ 
formation  of  both  corrected  and  uncorrected  inter- 
ferograms  is  performed  with  the  zero  path  difference 
element  located  in  the  first  member  of  the  cosine 
array,  with  the  point  before  zero-path  difference 
ignored. 

Figure  35-3  demonstrates  the  complete  correction 
process  performed  on  a  second  mock  interferogram, 
and  shows  that  features  on  the  sides  of  the  pass  band 
are  not  grossly  distorted  in  magnitude  or  shape  by  the 
correction  process. 

Figure  35-4  demonstrates  the  correction  process 
used  with  an  interferogram  obtained  with  a  Michelson 
interferometer.  An  asymmetric  interferogram  was 
deliberately  produced  by  placing  the  sample  in  one 
arm  of  the  interferometer  and  thus  producing  path 
differences  dependent  upon  the  change  of  refractive 
index  of  the  material  with  wavelength.  The  phase 
function  and  the  transform  of  the  corrected  and  un¬ 
corrected  interferograms  have  their  X  axes  calibrated 
in  wavenumbers,  the  alias  frequency  being  625  cm-1, 
corresponding  to  an  8-p  sampling  interval. 

It  can  be  seen  that  the  discontinuity  in  the  phase 
function  from  1.5  to  —3.0  rad  is  at  the  200  cm-1 
absorption  band  of  Teflon  and  that  the  phase  function 
can  be  used  for  accurate  refractive  index  determina¬ 
tion.7,12  The  phase  correction  of  these  three  different 
types  of  interferograms  demonstrates  the  usage  capa¬ 
bility  of  the  technique  described  in  Forman,  Steel,  and 
Vanasse.3  The  procedure  has  given  symmetrical 
interferograms  in  all  cases;  it  has  helped  to  reduce  the 
noise  amplitude  in  the  region  of  very  small  or  zero 
signal  levels;  it  has  removed  the  effect  of  small  long¬ 
term  drift  in  the  interferogram;  and  it  has  given  a 
metho !  for  obtaining  from  one  interferogram  both  the 
refractive  index  changes  of  a  sample  with  wavelength, 
and  its  absorption  spectrum.  It  is  interesting  to  note 
that  for  each  of  the  cases  discussed,  the  cosine  correc¬ 
tion  function  bears  a  slight  similarity  to  the  portion 
of  the  interferogram  around  the  zero-path  difference 
region,  but  it  is  in  no  case  a  direct  copy  of  this  region 
of  the  interferogram. 

For  the  correction  of  interferograms  obtained  using 
either  the  mock  or  the  Michelson  interferometer  the 
number  of  points  used  in  the  correction  function 
becomes  important  due  to  two  effects.  The  first  is  that, 
since  a  convolution  takes  place,  the  larger  the  number 
of  points  in  the  correction  function  the  larger  the 
number  of  operations  in  the  convolution  process  and 


hence  the  larger  the  computation  time.  The  second 
effect  is  the  broadening  and  distortion  on  absorption 
lines  produced  by  having  too  high  a  resolution  in  the 
phase  function.  If  the  resolution  is  too  high,  the  phase 
function  is  no  longer  a  smooth  function  dependent 
upon  the  interferometer  alone,  but  becomes  distorted 
because  the  data  in  the  region  around  the  zero-path 
difference  position  actually  start  to  resolve  the 
absorption  line  out  of  the  continuum,  and  hence 
change  the  phase  spectrum. 
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Figure  35-8.  Kffect  of  Different  Numiier*  of  Point*  in  the 
Phkte  Function 
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The  correction  function  will  contain  information 
about  the  changes  in  the  phase  function  and  the 
effects  will  be  noticed  in  the  transform  of  the  corrected 
interferogram.  The  effect  of  different  numbers  of 
points  in  the  phase  function  is  shown  in  Figure  Mo-.1), 
which  compares  A,  the  width  of  the  Teflon  absorption 
line  obtained  when  12S  points  are  used  in  the  correc¬ 
tion  function,  with  Ii,  the  width  obtained  when  32 
points  are  used.  These  are  then  compared  with  the 
width  obtained  using  no  correction  technique,  but 
producing  the  power  transform  shown  as  Figure 
35-5C.  It  can  be  seen  that  the  widths  shown  in  I-’igures 
35-5  B  and  35-5C  are  the  same,  while  that  shown  in 
Figure  35-5A  is  larger.  It  is  also  noticeable  that  the 
noise  content  shown  in  Figures  35-5A  and  35-5B  is 
less  than  that  shown  in  Figure  35-5C. 

It  is  therefore  necessary  to  decide  what  is  the  width 
of  the  widest  feature  required  in  the  spectrum,  and 
what  is  the  width  of  the  narrowest  feature  required  in 
the  spectrum.  From  the  first  width,  the  number  of 
points  in  the  correction  function  can  be  calculated, 
and  in  general  will  be  approximately  half  the  number 
required  to  resolve  this  feature.  The  second  width 
defines  the  number  of  points  in  the  complete  inter- 
ferogram  and  this  is  related  to  the  final  resolution 
required  in  the  output  spectrum. 

35-3  PARTITION  AND  CONJUGATION 

This  section  deals  with  the  transformation  of  input 
data  points  that  have  been  corrected  for  any  phase 
errors,  and  from  which  only  a  portion  of  the  output 
spectrum  is  required.  Consider  a  function  /(»  Ax)  to 
represent  the  array  of  points  to  be  analyzed.  Let  the 
odd  numbered  members  of  the  array  be  inserted  into 
the  input  real  array,  with  alternating  sign,  and  let  the 
even  numbered  members  be  inserted  into  the  input 
imaginary  array,  with  alternating  sign.  This  process 
can  be  represented  by 


G(n  A.r)  =  f(n  Ax)  exp  (i/rn/2)  (35-1) 


for  0<«<.V  *=  o(.w-n  Consider  the  number  of  data 
|M>ints  being  transformed  to  bo  1024,  which  for  the 
normal  fast  Fourier  transform  method  would  require 
M  =  11  and  the  data  (mints  to  bo  inserted  into  the 
first  1024  points  of  the  input  real  array.  For  the 
met  Inal  being  discussed,  M  -  10  and  the  odd  numbered 
members  of  the  array  Ax)  are  inserted  into  the 
input  real  array  while  the  even  numbered  members 
are  inserted  into  the  input  imaginary  array. 

Since  the  function  (S(n  Ax)  has  real  and  imaginary 
parts,  its  transform  will  be  complex,  and  the  four  out¬ 
put  arrays  eorres|Minding  to  the  |H>sit ive  and  negative 
frequency  eooqsmonts  of  the  real  and  imaginary 
output  arrays  are  related  to  the  cosine  and  sine 


transforms  of  the  two  functions  in  G(n  Ax)  by  the 
following  equations 

G(n  Ax)  =  A (n  Ax)  +iB(n  Ax).  (35-2) 

g{v)=  f+°°  G(n  Ax)e-2x“"1  dx 
J  — 30 

=  [+x  A(nAx)e-2*i,n&xdx 
J—  00 

+i  f+"  B(n  Ax)e~2r"'niiX  dx 
J  — 00 

=  Mv)~bi(v)}  -t-f{a!(e)+6r(e)} 
=gr(v)+igi(v).  (35-3) 

For  the  negative  frequencies 

g(-v)  =  {ar(-v)+tal(-v)}  +i{6r(-v)+t6<  (->>)} 

=  {ar(v)+bi(v)}  +i{br(i>) -a,(e)} 

=  ffr(-e)+iV/,(-e),  (35-4) 

from  which  the  individual  transforms  are 


«r(e)  =  \g,(y) +</,(-  v)]/2,  (35-5) 

Oi(v)  *  [ffi(v)  -!/,(-  *01/2,  (35-0) 

fcrW  •(»••(»')■ +Ch(-»/  2,  (35-7) 

bi(y)  f/r(e))/2.  (3;VK) 


Since  alternate  members  of  the  input  array  have 
been  inserted  into  the  real  and  imaginary  parts  of  G, 
the  sampling  interval  has  effectively  been  doubled 
ami  thus  the  alias  frequency  for  the  output  s|>ectra 
will  be  half  that  corresponding  to  the  actual  sampling 
interval.  If.  however,  two  unrelated  functions  be 
used  as  .1  and  B,  with  the  normal  sampling  interval,  it 
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is  possible  t"  Fourier  transform  both  functions  simul¬ 
taneously  and  to  separate  the  cosine  and  the  sine 
transforms  of  each  function  by  the  relations  given 
above,  to  the  alias  frequency  determined  by  the 
actual  sampling  interval.  For  the  process  under  dis¬ 
cussion,  the  effect  of  inserting  the  input  array  into 
the  transform  routine  with  the  signs  of  alternate 
members  changed,  is  to  produce  the  output  spectrum 
with  the  negative  frequency  components  in  the  first 
half  of  the  output  arrays,  and  the  positive  frequency 
components  in  the  second  half  of  the  output  array  for 
both  the  cosine  and  sine  transforms. 

From  the  equations  above,  if  the  addition  of  corre¬ 
sponding  elements  about  the  central  member  of  the 
real  output  array  is  performed,  the  cosine  Fourier 
transform  of  the  input  array  is  obtained  to  half  the 
old  alias  frequency,  or  to  256  cycles  in  the  input 
record,  and  the  array  will  have  512  members.  Simi¬ 
larly,  if  subtraction  of  corresponding  elements  about 
the  central  member  of  the  imaginary  output  array  is 
performed,  the  sine  Fourier  transform  of  the  innut 
array  is  obtained,  again  to  half  the  old  alias  frequency, 
and  the  function  will  also  contain  512  members. 
Using  this  method,  the  complex  Fourier  transform 
from  zero  frequency  to  half  the  old  alias  frequency  at 
the  same  resolution  as  before  is  produced,  but  only 
half  the  previous  amount  of  computer  store  and  some¬ 
what  less  computer  time  has  been  used.  In  this  way 
it  becomes  possible  to  use  a  digital  computer  to  trans¬ 
form  twice  as  many  data  points  as  was  previously 
possible;  or  similarly,  the  small  computer  may  be 
programmed  to  process  more  data  points  in  one 
program  than  was  previously  possible. 

This  technique  was  tested  on  a  practical  inter- 
ferogram  obtained  from  a  lamellar  grating  interferom¬ 
eter  with  water  vapor  as  the  sample.  1> . ,^ire  35-6 
shows  the  spectrum  obtained  using  the  normal  trans¬ 
form  procedure  with  and  the  spectrum  ob¬ 

tained  of  the  lower  frequency  region,  using  M  » 10. 
Figure  35-6  shows  that  the  process  produces  satis- 
fn  *ory  results.  This  technique  offers  the  multiplexing 
high-resolution  spectroscopist  an  increase  in  resolution 
of  a  factor  of  two,  if  his  resolution  is  limited  solely  by 
the  si*e  of  computer  storage  available  and  if  the 
Fourier  transform  program  is  based  on  the  Cooley- 
Tukey  algorithm. 
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Figure  35-6.  Transformation  of  a  lamellar  Grating  Inter- 
ferogram  of  a  Water  Vapor  Sample  Using  the  Method  of 
Partition  and  Conjugation  With  the  Interferogram  Prefiltered 
to  Remove  All  Frequencies  Aliove  the  New  Alias  Frequency 


35-4  SUMMARY 

A  general  discussion  of  the  correction  of  phase 
errors  occurring  in  the  intcrferogrnms  obtained  from 
different  forms  of  multiplexing  spectrometers  is 
developed,  together  with  the  effect  of  different 
apodisation  functions  on  the  cosine  correction  func¬ 
tion.  A  discussion  is  given  of  the  effects  on  the  trans¬ 
form  of  different  numbers  of  points  taken  in  the 
correction  function,  and  also  of  a  new  use  of  the 
algorithm,  whereby  large  arrays  can  be  transformed 
to  obtain  high-resolution  spectra  of  a  selected  region 
of  the  frequencies  present  in  the  input  interferogram. 
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Q.  (James  L.  Lauer):  How  many  sample  points 
tk»  you  typically  usr  to  determine  the  correction 
function  you  described  fur  phase  correction,  when  you 
are  *nm|4ing  at  Vp  intervals,  to  get  optimum  band 
shapes? 


Discussion 


A  (L.  Thorpe) :  As  described  at  the  end  of  Section 
35-2,  the  number  of  points  used  in  the  correction 
function  is  dependent  upon  two  factors.  The  first  is 
that  the  larger  the  number  of  points  in  the  correction 
function,  the  longer  the  computation  time  for  the 


convolution  of  the  correction  function  across  the  input 
interferograir>  The  second  is  that,  should  the  inter- 
ferogram  points  of  the  input  interferogram  used  in 
the  calculation  of  the  correction  function  start  to 
resolve  any  broad  bands  of  the  spectrum,  then  dis¬ 
tortions  will  occur  on  these  bands  as  shown  in  Figure 
3,5-5. 

It  is  therefore  important  to  use  as  small  a  number 
of  points  in  the  correction  function  as  possible,  and, 
for  example,  since  the  approximate  width  of  the 
P.T.F.E.  absorption  band  at  200  reciprocal  cm  is  20 
reciprocal  cm,  the  number  of  points  in  the  correction 
function  will  be 
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In  general  the  number  of  points  used  in  the  correction 
function,  for  the  work  described  in  this  paper,  has 
been  between  ±16  and  ±64  points  about  the  zero- 
path  difference  position  of  the  input  interferogram, 
and  has  been  calculated  as  above  to  not  resolve  the 
broadest  feature  required  in  the  output  spectrum. 

Comment  (L.  Mtrtz):  It  is  not  fortuitous  that  the 
cosine  correction  function  resembles  the  center  of  the 
interferogram.  The  only  difference  is  the  effective 
filter  bandpass.  In  fact  one  can  avoid  computing  the 
cosine  correction  function  and  simply  use  the  central 
section  of  the  interferogram.  It  is  only  necessary  to 
then  divide  the  resulting  spectrum  by  the  spectrum 
of  that  small  central  interferogram  to  restore  the 
levels  to  the  proper  values. 


Comr>nnt  (I,.  Thorpe):  The  shape  of  the  e-  ,ine 
correction  functions  shown  in  Figure-  35-3  and  35-3 
are  cjuite  dissimilar  to  the  zero-path  difference  region 
of  the  input  interferogram,  while  that  shown  in 
f  igure  35-4  is  somewhat  similar.  However,  to  convolve 
the  input  interferogram  with  its  own  zero  path  dif¬ 
ference  region  and  then  divide  the  transform  of  t his 
“antocorrelated”  interferogram  with  the  transform  of 
the  zero-path  difference  region  produces  a  number  of 
pitfalls. 

(a)  Father  an  interjjolation  of  the  output  fre¬ 
quency  points  of  the  low  order  transform  of  the  zero- 
path  difference  region  must  be  performed  to  obtain 
data  at  identical  frequency  points  to  those  obtained 
from  the  higher  order  transform  of  the  autocorrelated 
interferogram,  before  the  division  of  the  two  functions 
can  be  performed,  or  a  Fourier  transform  of  identical 
order  to  that  performed  for  the  autocorrelated  inter¬ 
ferogram  must  be  done  on  the  zero-path  difference 
region  before  the  division  of  the  two  functions  is 
obtained. 

(b)  For  spectra  of  the  form  shown  in  Figures  35-2 
and  35-4,  the  Fourier  transform  of  the  zero-path 
difference  region  of  the  output  interferogram  will  bo 
zero  or  negative  for  some  portion  of  the  computer 
output.  The  ratio  of  the  transforms  of  the  auto- 
corn  iated  interferogram  and  its  zero-path  difference 
region,  using  interferograms  as  shown  in  Figures  35-2 
and  35-4  will  thus  produce  rubbish  for  the  final  spectra. 

In  general,  the  use  of  the  autocorrelation  technique 
for  many  and  varied  types  of  interferograms,  neces¬ 
sitates  a  very  complicated  program  to  avoid  the  kind 
of  troubles  described  above.  But  for  all  types  of 
interferograms  produced  from  three  different  multi¬ 
plexing  instruments,  sensible  output  spectra  have  been 
obtained  using  the  same  program  with  no  special  case 
considerations  being  required. 
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Abstract 


A  correlation  interferometer  for  use  in  detecting  atmospheric  gases  by  mea¬ 
suring  the  amplitude  of  their  interferograms  is  described.  Results  for  CO,  obtained 
using  a  prototype  instrument,  are  presented. 


36-1  INTRODUCTION 

In  recent  years,  much  effort  and  ingenuity  have 
been  devoted  to  the  improvement  of  methods  for 
obtaining  spectra  from  interferograms.  As  has  also 
been  pointed  out  by  Dowling  (Chapter  4)  the  same 
information  is  contained  in  the  original  interferogram, 
from  which  it  may  be  extracted  directly  without  the 
necessity  for  transformation.  A  case  in  point  is  the 
remote  detection  of  atmospheric  gases,  which  is  of 
considerable  importance  in  the  field  of  air  pollution 
and  mineralogical  exploration. 

36-2  CORRELATION  OF  INTERFEROGRAMS 

Many  gases  and  liquids  have  their  fundamental  and 
most.iateuss_absorption  spectra  in  the  near-  and  mid- 
infrared,  v/here  the  fumlnmis^utpyt  of  thermal  sources 
is  decreasing  and  the  available  detectors  are  generally 
less  efficient  and  noisier  than  those  used  in  the  visible 
and  uv.  It  is  therefore  necessary  to  use  the  radiation 
as  efficiently  as  possible,  which  requires  instruments 
of  large  throughput.  It  has  long  been  known  that 
interferometers,  by  virtue  of  their  circular  symmetry, 
could  provide  an  increase  in  throughput  of  the  order 
of  100  compared  with  an  ordinary  spectrometer. 
Fellgett’s  advantage,  which  arises  in  a  detector-noise- 
limited  interferometer  as  a  result  of  looking  at  all 


spectral  elements  simultaneously  rather  than  se¬ 
quentially,  is  available  in  the  near  infrared,  where 
uncooled  detectors  do  not  attain  BLIP  performance. 
Such  an  interferometer  can  also  be  a  very  small 
package.  In  one  respect,  remote  gas  detection  is 
simpler  than  spectroscopy,  since  it  is  generally  known 
a  priori  which  absorbers  are  present  and  one  merely 
wishes  to  measure  the  amounts.  That  is,  the  form  of 
the  interferogram  is  known  and  only  the  fractional 
modulation  is  of  interest.  Thus,  it  is  possible  to  make 
a  system  in  which  one  compares  the  incoming  inter¬ 
ferogram  with  a  reference  that  was  made  using  a 
known  amount  of  the  target. 

The  method  by  which  the  interferometer  is  made 
specific  to  certain  gases  is  shown  in  Figure  36-1,  which 
depicts  a  modified  Michelson  Interferometer.  In¬ 
coming  radiation  is  optically  filtered  at  F  and  then 
impinges  on  the  beamsplitter  BS,  where  it  is  am¬ 
plitude  divided  into  equal  parts,  which  are  reflected, 
respectively,  at  mirrors  Mi  and  Mj  before  being 
recombined  and  focused  on  the  detector  D.  The  com¬ 
pensating  plate  C,  which  is  of  the  same  material  and 
thickness  as  the  beamsplitter,  assures  that  both  optical 
paths  are  equivalent.  If  mirror  M2  is  displaced  back¬ 
wards  a  distance  of  one-quarter  optical  wavelength 
from  the  location  at  which  there  is  zero  optical  path 
difference  between  the  two  beams,  the  two  com¬ 
ponents  of  radiation,  which  were  constructively 
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Figure  3ft- 1.  Correlation  Interferometer 


interfering  to  produce  maximum  radiation  at  I),  will 
now  destructively  interfere  to  produce,  under  ideal 
conditions,  no  radiation.  If  the  source  radiation  is 
monochromatic  and  M2  moves  with  constant  velocity, 
it  is  a  simple  matter  to  show  that  the  detector  output 
will  be  a  cosine  of  constant  electrical  frequency  given 
by  (2t'„r)  where  vCl  is  the  optical  frequency  of  the  input 
radiation  in  cm-1  and  v  is  the  velocity  of  displacement 
of  the  mirror  in  cm  sec-1. 

Thus,  it  is  possible  to  think  of  the  interferometer 
as  an  optical  analog  to  a  superheterodyne  receiver,  in 
which  each  optical  frequency  is  translated  down  to  a 
much  lower  electrical  frequency.  In  fact,  it  can  be 
shown  that  the  detector  output,  as  a  function  of 
optical  path  difference  4,  is  given  by 


0(4)-  [Vm B(v)(l+coa  2rrvS)  dv,  (36-1) 
Jo 


where  the  input  radiation  has  power  spectral  density 
B{v)  and  is  band  limited  between  0  and  vM. 

Thus,  apart  from  a  constant  term,  the  detector 
output  as  a  function  of  4  is  the  Fourier  cosine  trans¬ 
form  of  the  input  power  spectral  distribution.  In 
normal  spectroscopy,  where  it  is  desired  to  evaluate 
B(v),  it  is  necessary  to  take  the  inverse  transform  of 
the  interferogram  D(S)  in  order  to  calculate  this. 
Such  a  calculation  is  usually  performed  on  a  com¬ 
puter,  especially  where  high  resolution  spectra  are 
required,  and  it  is  this  computation  which  is  the  chief 
disadvantage  of  the  technique.  However,  just  as  the 
absorption  spectrum  of  a  given  gas  is  unique  to  that 
gas  and  can  be  used  to  quantitatively  measure  its 
concentration,  so  the  Fourier  transform  of  the 
spectrum  is  unique  to  the  gas,  and  it  too  can  be  used 
for  a  quantitative  measurement.  That  this  is  so  is 


seen  in  Figures  36-3  to  6  which  show  the  computed 
transmission  spectra,  modified  by  Gaussian  limiting 
optical  filters,  for  samples  of  methane  and  ammonia 
gas  in  the  region  of  2.3  n  and  their  computed  trans¬ 
forms  as  a  function  of  J,  the  optical  path  difference. 

As  has  been  mentioned,  the  detector  output  con¬ 
sists  basically  of  an  electrical  cosine  signal  at  fre¬ 
quency  2v0v  where  v0  is  now  the  center  optical 
frequency  of  the  entrance  filter;  but  since  the  input 
radiation  is  no  longer  monochromatic,  this  cosine  will 
be  phase  and  amplitude  modulated  by  the  spectrum. 
The  upper  portions  of  both  Figures  364  and  36-6  show 
the  modulation  envelope  of  this  cosine  as  a  function  of 
4  (with  scale  factors  of  1,  10,  100),  and  the  lower 
portions  illustrate  the  electrical  angle  of  the  cosine 
relative  to  the  constantly  increasing  phase  angle  of 
(cos  2in>o&).  It  is  seen  that  both  quantities  are 
unique  and  quite  different  for  the  two  spectra. 
F urthermore,  since  the  amplitude  of  the  transform  is 
directly  proportional  to  the  spectral  transmission  of 
the  gas,  correlations  made  on  the  transform  will, 
through  suitable  calibrations,  yield  concentrations. 

Correlation  is  achieved  as  follows  (Figures  36-1  and 
36-2):  Mirror  M2  is  actually  fixed  and  the  optical 


Figure  36-2.  Recording  and  Correlation  Elec¬ 
tronics 


path  difference  between  the  two  beams  is  varied  by 
using  a  torque  motor  to  oscillate  the  compensator 
plate  C  through  a  small  displacement  about  its 
center  position.  A  magnetic  disk  is  rigidly  attached 
to  the  top  of  the  oscillating  refractor  plate  with  a 
magnetic  pick-off  sensor  located  close  to  the  magnetic 
oxide  surface  of  the  disk.  Programming  the  instru¬ 
ment  is  described  in  the  following  paragraphs. 

A  sample  of  the  gas  to  be  detected,  for  example 
CO,  is  inserted  into  the  interferometer's  field  of  view. 
Then,  as  the  refractor  plate  is  oscillated,  the  inter- 
ferograms  of  the  CO  spectrum  are  generated  within 
the  interferometer  to  appear  as  a  modulated  sinu- 
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Figure  36-5.  Ammonia  Spectrum  (Gaussian  Filter  70  cm'1) 


Figure  36-6.  Computed  Fourier  Transform  of  Ammonia  (0.73  atm-cm) 


soidal  output  (Figure  36-7)  from  the  III  detector.  If 
this  AC  output  is  then  coupled  through  to  the  mag¬ 
netic  head,  the  AC  interferogrnm  is  recorded  onto  the 
magnetic  disk. 

In  the  remote  sensing  mode,  the  record  loop  is 
o|M*ned  and  the  III  detector  output  is  passed  to  a 
phase  sensitive  detector,  which  receives  as  its  reference 
signal  the  AC  playback  output  from  the  magnetic 
disk  by  way  of  the  magnetic  head.  The  output 
of  the  phase  sensitive  detector  is  thus  a  DC  signal, 


the  amplitude  of  which  is  related  to  the  amount 
of  gas  in  the  instrument’s  field-of-view. 

Assuming  that  an  adequate  path  difference  is  taken, 
the  transform  of  interfering  gases  will  not  correlate, 
and  the  output  voltage  will  be  zero  in  their  presence. 
It  is  a  simple  matter  to  program  the  device  for  several 
gases  by  using  several  magnetic  heads  (T|,  T2,  and  so 
forth)  thus  obtaining  a  multi-gas  analyser.  Calibra¬ 
tion  of  the  instrument  is  direct,  by  means  of  the 
insertion  of  calibration  cells  of  known  concentration. 
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Figure  36-7.  Detector  Output  NHa  Near 
0.5  ram  PD 


If  the  period  of  the  sinusoid  drive  applied  to  the 
refractor  plate  by  the  torque  motor  should  drift, 
correlation  is  still  held,  because  the  reference  signal  is 
a  playback  off  the  magnetic  disk,  rigidly  fixed  to  the 
refractor  plate  through  which  the  input  optical  signal 
is  passing.  That  is,  there  is  a  fixed  relation  between 
the  signal  being  read  from  the  disk  and  the  optical 
path  difference  at  that  instant.  This  gives  the  method 
an  advantage  over  other  techniques  that  have  been 
used  for  modulation  of  interferometers,  such  as  a 
sawtooth  movement  of  one  of  the  mirrors  combined 
with  fixed,  narrow-band  post  detection  filters  and 
amplifiers  for  noise  rejection.  For  example,  if  the 
mirror  velocity  should  shift,  by  less  than  1  percent, 
the  effects  are  catastrophic.  Thus,  lack  of  uniformity 
or  repeatability  in  the  drive-mirror  system  throws 
out  the  complete  wavenumber  calibration  of  the 
interferometer  and,  more  important,  places  narrow 
band  detection  circuits  off-tune.  In  order  to  ensure 
reproducibility  of  the  scan,  optical  feedback  systems 
such  as  spectral  line  interferometric  reference  channels 
or  moir$  fringe  devices  are  necessary.  In  the  Barringer 
interferometer  drift  is  virtually  eliminated  by  re¬ 
volving  the  compensator  plate.  Small  changes  in 
pathlength  are  mechanically  magnified  to  relatively 
large  rotations  without  problems  of  backlash,  since 
mechanical  linkages  are  not  involved. 

36-3  EXPERIMENTAL 

A  prototype  correlation  interferometer,  shown  in 
Figure  36-8,  has  the  characteristics  listed  in  Table 
36-1.  Figures  36-4  and  36-6  show  that,  for  a  specific 
gas,  certain  portions  of  the  interferogram  have  a 
larger  signal  output  than  others,  and  may  also  have 
more  information  in  the  phase  and  amplitude  varia¬ 
tions.  Thus,  since  only  a  portion  of  the  interferogram 


Figure  36-8.  Breadboard  Interferom¬ 
eter 


Table  36-1.  Breadboard  System  Parameters;  Correlation 
Interferometer 


Collecting  Aperture 
Focal  Length 
Field  of  View 
Filter 


Beam  Splitter 


Compensating  Plate 
Detector 


Correlation  System 


Scan  Range 
Scan  Rate 


0.88  in.  diam 
1.9  in. 

0.045  mrad  angular  diam 

Gaussian,  0.1  micron 
FWHM,  centered  at  2.35 /x. 
Peak  transmission  60% 

Aluminum  film  on  6  mm 
fused  quartz  substrate. 
Reflection  40%,  transmis¬ 
sion  40%,  absorption  20%. 
6  mm  fused  quartz  plate. 
Ambient  temperature  lead 
sulphide;  0.16X0.16  in: 

D*  =  3X 1010  cm  cps4/W 
Multiplication  by  reference 
interferogram  stored  on 
magnetic  tape,  followed  by 
integration  (t  =  5  sec) 

150  wavelengths 
Scan  and  return  in  1  sec 


is  actually  scanned,  mirror  Ma  is  adjusted  to  optimize 
to  the  particular  gas  of  interest.  The  instrument 
discussed  here  scanned  only  about  150  fringes  but 
this  would  be  greatly  increased  in  an  engineering 
model  so  as  to  achieve  greater  specificity.  Saturation 
NRZ  recording  was  used  for  the  reference,  so  that  the 
correlation  was  against  the  phase  of  the  reference 
rather  than  the  amplitude.  Contact  recording  and 
readout  techniques  were  used  after  preliminary  tests 
had  shown  that  over  one  million  scans  of  the  magnetic 
drum  resulted  in  signal  degradation  of  only  20 
percent.  The  actual  scan  speed  in  operation  was  one 
scan  per  second.  A  floating  head  and  flexible  magnetic 
disk  system  has  also  been  designed  which  reduces 
wear  of  the  oxide  coating  to  virtually  zero. 

This  breadboard  instrument  has  demonstrated  de¬ 
tectivities  for  several  atmospheric  gases,  which  agree 
with  predictions  based  on  the  absorption  band 
strengths  and  the  optical  and  detector  parameters. 
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Extrapolating  from  this  experience,  it  is  quite  feasible 
to  design  a  system  that  will  yield  sensitivities  of  the 
order  of  a  few  ppm-m  when  used  in  a  remote  sensing 
mode  with  the  sun  as  a  source  of  infrared  radiation. 
It  is  also  possible,  of  course,  to  use  the  device  as  an 
ambient  or  sampling  sensor,  where,  if  a  cooled  detector 
is  used,  the  calculated  sensitivities  increase  to  the 
order  of  one  ppb  over  a  10-cm  path  length  for  many 
gases  of  interest. 

36-4  COMPUTED  INTERFEROGRAMS 

As  has  been  mentioned,  each  gas  will  produce 
distinctive  interferogram  signatures  at  certain  char¬ 
acteristic  path  differences.  In  order  to  locate  these 
optimum  scan  ranges  and  to  predict  signal-to-noise 
ratios  for  the  various  gases,  a  program  has  been 
written  which  uses  EFT  to  produce  interferograms 
from  spectra  given  either  in  the  form  of  digitized 
experimental  data  or  as  molecular  constants.  Pro¬ 
vision  is  also  included  for  limiting  the  spectrum  by 
Gaussian,  power  series,  or  multilayer  filter  functions. 
Interferograms  produced  by  this  program  are  shown 
in  Figures  3(5-3  to  6  and  3(5-9.  Figure  36-9  shows  the 
effect  of  varying  temperature  on  the  interferogram 
of  the  4260  cm-1  band  of  CO,  limited  by  a  70  cm-1 
Gaussian  filter.  The  dotted  curve  corresponds  to  a 
temperature  of  300°K  and  a  scale  factor  of  X  100 
and  the  three  solid  curves  to  200°K  with  scale  factors 
of  XI,  X  10  and  X  100.  The  strongest  feature 
extends  from  0.2  to  0.35  cm  delay  and  corresponds  to 
the  range  of  spectral  line  separations  found  over  the 
band.  The  relative  phase  varies  across  this  region ;  the 
slope  of  the  curve  at  a  given  delay  depends  on  the 


wavelength  at  which  the  corresponding  line  separation 
occurs.  It  is  zero  for  the  point  corresponding  to  the 
line  separation  at  the  band  origin,  since  the  phase 
reference  was  chosen  as  the  transform  of  a  hypotheti¬ 
cal  line  at  the  band  origin  wavelength. 

The  basic  pattern  observed  in  the  region  of  0.27  cm 
delay  is  repeated  at  multiples  of  this  delay;  the 
strength  of  these  “overtones”  depends  on  the  line 
shapes.  As  the  higher  overtones  begin  increasingly 
to  overlap,  beat  phenomena  are  observed,  first  in  the 
wings  of  the  main  pattern,  but  ultimately  dominating 
the  interferogram  in  the  regions  of  longer  delay. 

The  effects  of  temperature  are  seen  principally 
in  the  amplitude  of  the  interferogram.  This  is  as 
expected,  since  the  phase  at  short  delays  depends  on 
the  line  positions  which  are  almost  independent  of 
temperature,  while  the  amplitude  depends  on  the 
line  intensities  and  thus  on  the  temperature  via  the 
changing  population  of  the  energy  levels. 

36-5  CONCLUSIONS 

It  is  possible  to  recover  an  interferogram  of  known 
form  but  unknown  amplitude  from  noise,  by  multi¬ 
plying  the  noisy  signal  by  a  noise-free  copy  of  the 
interferogram  of  the  correct  phase.  The  required 
phase  locking  of  the  reference  interferogram  can  be 
achieved  by  having  it  magnetically  recorded  on  a 
medium  rigidly  attached  to  the  element  which 
produces  the  path  difference  in  the  interferometer. 

A  correlation  interferometer  employing  these 
principles  has  been  built  and  used  to  detect  atmos¬ 
pheric  gases  by  measuring  the  amplitude  of  their 
absorption  interferograms. 


.  CO  300* 
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Discussion 


Q.  (L.  W.  Chaney,  University  of  Michigan): 
What  is  the  equivalent  resolution  of  your  instrument? 

A.  (Robert  Dick):  We  attempt  to  match  the 
resolution  to  the  separation  of  the  principal  features 
of  the  target  gas.  For  example,  for  carbon  monoxide, 
5  cm-1  resolution  corresponds  to  the  average  line 
separation. 

Q.  (L.  X,  Mertx,  Smithsonian  Asti  ^physical 
Observatory):  Could  you  clarify  what  you  mean  by 
phase  in  this  context? 


A.  (Robert  Dick):  We  use  as  phase  reference  the 
cosine  wave;  this  is  the  interferogram  which  would  be 
produced  by  a  sharp  line  at  the  central  wavelength 
of  the  spectral  interval  being  considered. 

Q.  (R.  A.  Hanel,  Goddard  Space  Flight  Center): 
Have  you  made  an  attempt  to  detect  CO  in  the 
presence  of  atmospheric  amounts  of  water  vapor? 

A.  (Robert  Dick):  We  have  measured  CO  from 
traffic  in  atmospheric  paths  of  a  few  hundred  feet, 
without  any  evidence  of  HjO  interference. 


361 

Contents 


37-1  Introduction  361 

37-2  Theory  361 

37-3  Measurement  Procedures  366 

37-4  Measured  Results  367 

37-5  Summary  368 

References  369 

Discussion  369 


37.  Optical  Constants  of  Low-Index  Materials 
From  Far-Infrared  Channeled  Spectra 


Donald  R.  Smith 

Air  Sore*  Cambridge  Ratoordi  Laboratories 
ladford,  Mamadanotts 


Abstract 

♦ 


A  vacuum  far-infrared  double-beam  Michelson  interferometer  was  used  to 
measure  the  channeled  spectra  of  several  polymer  films.  From  the  channeled 
spectrum  in  the  power  reflectance  the  optical  constants  have  been  determined.. 
A  method  for  determining  the  absorption  coefficient  from  the  channeled  spectrum 
amplitude  is  given  and  the  limitations  are  discussed.  The  results  of  this  method 
are  compared  with  the  results  calculated  from  the  low-resolution  transmittance. 
The  optical  constants  obtained  for  Mylar  and  Surlvn  films  in  the  region  between 
50  and  350  cm"'1  are  presented 


37-1  INTRODUCTION  function  of  the  absorption  coefficient.  Such  a  tech- 

....  .  ,  nique  for  determining  the  absorption  coefficient  will 

The  use  of  channeled  spectra  is  a  common  method  ^  developed.  The  application  of  this  technique  to 
for  determining  the  refractive  index.  '**•*  A  channeled  measurements  on  low-index  material,,  is  the 

spectrum  is  the  result  of  interference  fringes  arising  ^h  l  of  ,hjl<  Although  transmi^ion  mea- 

from  multiple  intern  I  reflections  in  a  material.  In  ^rements  are  easier  U.  .Worm  and  can  be  done 

general,  a  channeled  spectrum  is  the  sum  of  cosine  nt  ,Mirnuil  ilirMrnce,  relict, ion  measurements  are 

terms  of  many  orders.  In  !■  minor  spectroscopy,  preferred  for  ,’ow-indrx  materials,  because  of  the 

however,  these  terms  can  be  easily  separated  by  incmwy  visibility  of  the  fringes.  If  the  absorption 

transforming  only  the  appropriate  part  of  the  inter-  u  ^  ,,OUl  Vrr.  It)(.  Jow-rrsniution  reflectance 

ferogram.  If  a  single  cosine  term  is  isolated  in  this  jj4  „carJv  independent  uf  ,l)r  »U>n>tH.u  ami  another 

way,  Uie  channeled  spectrum  oscillates  about  «cru  method  ol‘  determining  the  absorption  eoeflieient  from 

and  the  index  can  be  determined  from  the  xcro-  tj)(1  n,fl,^.tan(T  j*  desirable, 

crossing?,  of  the  spectrum,  since  the  argument  of  the 
cosine  term  is  a  function  of  the  refractive  index  alone. 

The  absorption  coefficient  is  then  determined  from  the  37-2  TNfORY 
low-resolution  power  transmittance  data. 

The  absorption  coefficient,  moreover,  ran  also  be  37-2.1  Ownnolad  Spectrum  Method 
determined  from  the  channeled  spectrum,  since  the  lVeeise  values  of  refractive  indices  can  be  dr t cr¬ 

am  plitude  modulation  of  the  channeled  spectrum  is  a  mined  using  the  channeled  spectrum  technique. 


providing  the  absorption  is  not  too  large.  The 
amplitude  transmittance  und  reflectance  of  a  plane- 
parallel-faced  sample  of  thickness  d  and  complex 
refractive  index  n  =n+ik,  are  given  by  the  following 
expressions: 


.•tr«/2d-MW-MW+  •  •  •  ,  (37-1) 


In  terms  of  the  observed  quantities  the  power  re¬ 
flectance  is 


R(o) 


B,(<r)  FT(f.(:t)) 

Bb(<t)  FT(^(x))’ 


(37-7) 


.l*  =  /‘-f<2d2-f:,/2d4 -  (37-2) 


For  the  materials  involved  here  n»jt,  and  the  complex 
nature  of  r  und  I  may  be  ignored.  For  near  normal 
incidence  the  polarisation  effects  may  also  be  ne¬ 
glected;  then  r*»(w  —  1)  (w  +  1)  and  /»(4«)*/(m+1) 
are  the  single  surface  amplitude  reflectance  and 
transmittance,  respectively,  and 


where  B,(<r)  and  Ba(a)  are  the  sample  and  reference 
spectra,  respectively,  and  F,{x)  and  Fb(x)  are  the 
sample  and  reference  interferograms,  respectively. 
These  interferograms  are  treated  as  three  separate 
interferograms  of  lengths  z0,  X\,  and  z2,  shown  in 
Figure  37-1  as  Fo,  Flt  and  F%,  respectively.  Then  the 
low-resolution  reflectance  is  experimentally  deter¬ 
mined  by  taking  the  ratio  between  a  sample  and 
reference  spectrum  obtained  by  transforming  only 
that  portion  of  the  interferogram  around  sero  path 
difference  (up  to  xu),  and  is 


d=»exp  [  — 2 svAd  cos  S’] 


is  the  amplitude  attentuntion  coefficient.  Eqs.  (37-1) 
and  (37-2)  may  then  be  rewritten  as 


Ar(o) -/V“+r,lV«w+^,/iw+  •  • ,  (37-3) 
4j»(<r)-r+rt,MV'M+,,+»,,lW<'*+',+  .  (37-4) 


In  Eqs.  (37-3)  and  (37-4)  p*-exp  [— 4vffFrf  cos  ¥\  is 
the  attentuation  coefficient,  t  -  2ri*cd  cos  f  is  the 
optica)  path  difference,  and  ¥  is  the  angle  between  the 
normal  to  the  surface  and  the  ray  inside  the  sample. 

The  power  reflectance  H(v) » .4  *(<r).4  *  ‘rr)  is  then 


(37-4) 


and  the  corresponding  power  transmittance 


*o(<r) 


FTO,.(x)) 

FTtfoa(x))' 


(37-8) 


T(»l 


jV 

1-rV 


+2 


cos  24+  •  •  • 


(37-6) 


rigor*  37-1.  gwtowwl  sad  RHWiws  lotarfcro- 
gnuM  For  i  Material  of  Neghs SM*  Dtsperwoa  Showing 
tW  PoniIs  Imi  to  Tnmtsna  Utr  laterferoyaw  Is 
PrlwoKDc  lie  Uw-RwhKiIms  and  DUhww  Spectra 
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By  transforming  only  the  portion  of  the  sample 
interferogram  containing  the  first  channeled  spectrum 
signature,  that  is  between  xt  and  x2,  and  taking  the 
ratio  of  this  to  the  low-resolution  reference  spectrum, 
a  single  cosine  term  can  be  isolated  from  the  chan¬ 
neled  spectrum.  This  difference  spectrum  is  related 
to  the  measured  interferogram  by  the  relation 


Rn(«r) 


FT[F2..(x))-FTlf’,,,(x)] 

FT(Fo.*(*)] 


FT(AF21„(x)] 

FTtf0.a(x)]  ' 


(37-9) 


ferogram.  In  addition,  all  filters  employed  should  be 
wedged  to  eliminate  channeled  spectrum  signatures 
that  may  overlap  the  sample  signature  region.  If  a 
channeled  spectrum  signature  from  an  unwedged 
filter  appears  in  the  interferogram  at  a  distance  x 
from  aero  path  difference,  a  signature  also  occurs  at 
the  same  distance  x  from  the  sample  signature. 
a  filter  signature  is  included  between  0  and  x0,  then 
the  corresponding  signature  near  the  sample  signature 
must  be  included  between  X|  and  x2.  To  ensure  tins, 
choose  x0“ (xj— X|)/2,  where  x2  and  xt  are  sym¬ 
metric  about  the  sample  signature. 

The  observed  low-resolution  reflectance  or  un¬ 
resolved  channeled  spectrum  Rn(<f)  is  simply  given 
by  the  first  term  of  Kq.  (37-6) 


« 


» 


It  should  be  noted  here  that  most  far-infrared 
materials  have  large  enough  absorption  so  that  the 
channeled  spectrum  contains  only  a  single  cosine 
term  to  begin  with,  since  the  corresponding  inter- 
ferograms  contain  only  a  single  signature.  A  result 
similar  to  Eq.  (37-9)  is  obtained  by  taking  the  ratio 
of  the  numerator  in  Eq.  (37-9)  to  the  low-resolution 
sample  spectrum.  In  this  way  the  reference  inter¬ 
ferogram  is  eliminated  entirely  and  the  difference 
spectrum  is 


*.»'(*) 


FT(AF«,^(x)1 

FT{Fo..(*)| 


(37-10) 


r2tV 

1  -Hp« 


(37-13) 


From  Eq.  (37-13)  and  the  refractive  index  values 
calculated  using  Eq.  (37-11),  the  attenuation  co¬ 
efficient,  u»p2  :  given  by 


f  /?«,(*) -r» 
lr*|t«+r*(ff0(<r)-rt)| 


(37-14) 


The  difference  spectra  in  Kq*.  (37-9)  and  (37-10) 
oscillate  about  *ero  and  the  refractive  index  can  be 
determined  from  the  tero-crossing*  of  either  spec¬ 
trum.  Zero  crossings  occur  when  the  value  of  the 
argument  of  the  cosine  term  in  Eq.  (37-5)  satisfies  the 
equation 


and  the  corresponding  absorption  coefficient, 
o-lraft,  is  given  by 


In  w 
d  cos#* 


(37-15) 


iT9m*d  COS 


(3m+ l)r 
2 


(37-11) 


If  l!  <•  channeled  spectrum  feature  is  writ  isolated,  a* 
assumed,  then  Ur*  channeled  part  of  the  power 
reflectance.  #,*(»).  if  given  by  the  second  term  of 
Eq.  (37*5) 


The  integer  m  is  the  order  number  corresponding  to 
the  wavenumb  <*f  the  aero  crossing.  #*..  Then,  from 
Eq.  (37-11),  the  refractive  index  » 


/?t2(*)«  -2 r*fV 


VV 

~r*n* 


cos2i. 


(37-16) 


(3  m  4-1) 


(37*12) 


TIk*  solution  of  Kq-  (37*16)  rrsull*  in  a  cubic  equation 
in  n 


The  channeled  spectrum  signatures  must,  of  course, 
be  well  isolated  from  other  modulation  in  the  inter- 


r,ea-r*.le,-a4-.f  *0. 


♦37-17) 
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where  .4  =  —  Ri2(<r)/2r2t2  cos  25.  The  attenuation 
coefficient  is  the  real  positive  root  lying  between  0 
and  1,  and  the  corresponding  absorption  coefficient 
is  determined  from  Eq.  (37-15). 

The  absorption  coefficient  may  also  be  determined 
from  the  measured  channeled  spectrum, 


The  visibility  is  defined  as 


V= 


7max  7min 

7max*l' 


4 


(37-22) 


R'l2  =  Ru/Ro, 


obtained  from  a  single  interferogram. 


ff'i2(<r)  = 


r  , 2/2,  4  1 

2 r/V  1  ,  *  4 

cos  25 

p  .  1  -r*n*_ 

_2 .4,  4 

.2  1  r  t  n 


1  —r4n4 


(37-18) 


where  7max  and  7mjn  are  the  maximum  and  minimum 
intensity,  respectively.  From  Eqs.  (37-5)  and 
(37-6),  the  visibilities  for  reflection  and  transmission 
cases  where  r4«  1  are 


and 


VR=t2x2 


(37-23) 


The  solution  of  Eq.  (37-18)  results  in  a  cubic  equation 
similar  to  Eq.  (37-17) 


Vr  =  2r2x2. 


(37-24) 


From  Eqs.  (37-23)  and  (37-24)  one  finds  that 
Vr>Vt  for  n<  3.7,  and  for  this  reason  reflection 
r2u3  +  (t2—r2)A'u2—u+A'  =  0,  (37-19)  measurements  are  preferred  for  most  materials  in  the 

far-infrared  region.  This  fact  is  shown  quite  clearly 
in  Figure  37-2,  which  shows  both  a  reflection  and  a 


where  A'-  - R\i{o)/2t2  cos  25. 

A  fourth  alternative  is  to  calculate  the  absorption 
coefficient  from  the  measured  low-resolution  trans¬ 
mittance,  7’0(<r),  the  first  term  of  Eq.  (37-6) 


JV»)-T <37-20) 


The  attenuation  coefficient  is  the  solution  of  the 
quadratic  equation 


u— 1=0. 


(37-21) 


For  materials  of  low  refractive  index,  reflection 
measurements  are  to  be  preferred  to  transmission 
measurements  because  of  the  increased  visibility  of  the 
channeled  spectrum  fringes  for  the  reflection  case. 


Figure  37-2.  Interferograms  of  the  Reflection  and 
Transmission  Spectra  of  a  251-jum  Thick  Mylar  Sample. 
The  channeled  spectrum  signature  is  clearly  seen  in  reflec¬ 
tion  but  not  in  transmission 


* 
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transmission  interferogram  for  a  Mylar  sample,  The 
visibility  advantage  for  the  reflection  case  is  obvious. 
Because  of  this  advantage  the  refractive  index  of  most 
materials  can  be  determined  with  greater  accuracy 
from  reflection  data  than  from  corresponding  trans¬ 
mission  data.  The  situation  is  generally  reversed 
where  the  absorption  coefficient  is  concerned,  with  the 
most  accurate  results  coming  from  the  low-resolution 
transmittance  data.  For  the  materials  presented  in 
this  paper,  only  the  reflection  interfeiograms  showed 
observable  channeled  spectrum  signatures  from  which 
the  refractive  index  could  be  determined. 

Since  reflection  measurements  are  required  to 
determine  n  for  these  materials,  a  method  for  deter¬ 
mining  a  from  the  same  data  is  desirable.  The 
absorption  coefficient  determined  from  the  low- 
resolution  reflectance  by  Eq.  (37-14)  is  reliable  for 
cases  of  small  absorption  only.  For  other  cases 
r2»r2<V/(l-rV)>  making  R0(a)~r2,  the  single 
surface  reflectance  which  is  independent  of  the 
absorption.  Considering  only  the  a  dependent  terms 
in  Eq.  (37-5),  the  coefficient  of  the  cosine  term  is  the 
largest  quantity  for  all  cases  and  should  be  expected 
to  yield  the  most  accurate  values  of  a.  This  was 
found  to  be  true,  and  the  reflection  results  given  here 
were  calculated  from  the  difference  spectrum  R 
using  Eq.  (37-18). 

37-2.2  Convergence  Correction  For  Non-Normal  In¬ 
cidence 

Because  the  radiation  passing  through  the  sample 
is  distributed  over  a  finite  solid  angle,  all  rays  do  not 
pass  through  the  same  thickness  of  material  in  the 
sample.  In  addition,  for  reflection  measurements  the 
central  ray  of  the  converging  cone  of  radiation  is  not 
incident  normally  to  the  sample  but  makes  an 
angle  0O  with  the  normal  to  the  surface.  Because  of 
this,  the  observed  relative  intensity  is  the  average 
over  all  possible  angles  and  is 


Figure  37-3.  Schematic  of  the  Conical  Bundle  of 
Radiation  Converging  on  the  Sample,  Located  at  the 
Origin,  Whose  Surface  Lies  in  the  x-y  Plane,  y  is  the 
angle  of  incidence  of  the  axial  ray  of  the  bundle 


the  normal  to  the  surface  in  the  sample.  Then  by 
inspection  of  Figure  37-3, 


cos  7  =  cos  0O  cos  0+sin  0O  sin  0  cos  0  cos  <f>.  (37-27) 


(I)-  f  [2t  Io+Ii  cos  (Anna  d  cos  7) 

Jo  Jo 

-1 - sin  0  dd  d<t>  nrS 

- — — — - (37-25) 

I  m  I  sin  6  dd  d<l> 

Jo  Jo 


Applying  the  small  angle  approximation  to  0,  Eq. 
(37-27)  becomes 


<*>-/  o  + 


h_ 


cos  (Anna  d  cos  7)  sin  0  dd  d<b, 


(37-28) 


where  0,„  is  the  angle  between  the  central  ray  and 
extreme  ray  of  the  radiation  cone  internal  to  the 
material,  and  7  is  the  angle  of  incidence  of  an  arbitrary 
ray,  that  is,  the  angle  between  the  arbitrary  ray  and 


cos  7  «  cos  0O + 0  sin  0O  cos  <f>—d2  — •  (37 -28) 


The  above  integral  was  treated  by  Lommel4  in  con¬ 
nection  with  the  theory  of  diffraction  by  an  aberra¬ 
tion-free  lens  in  1SS5  and  the  solution  is  in  terms  of 
Lommel  functions.*  Following  the  notation  of 


♦The  author  is  indebted  to  G.  A.  Vanaaee,  who  directed  his  attention 
to  Lommel 'a  solution  to  this  integral  just  after  lie  had  completed  a  computer 
program  to  evaluate  it  numerically. 
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Murty5  and  l.infoot,1'  tin-  average  intensity  is 

(/)  =  m  cos  (  Imiff  (I  cos  80—\p),  (37-29) 

where 

»-(2/p)(t-ri*+l ’,*)*  for  ||[  <1,  (37-30) 

m  =  -  £  1  +  Vy2  +  f"  i  2 

-2r0  cos  (?+.f/s) -2F.  sin  (j  +^)J 

for  '-1  >  1,  (37-31) 

1 7  i 

and 

^-[5— tan-1  (r2/Cri)]±n7r,  for  |||  <1,  (37-32) 


dcnir,  for  |||  >  1.  (37-33) 

The  Lommel  functions  are  defined  by 

»  l'n\2i+n 

rn=Z(-l)J(?)  J*i+»(q),  (37-34) 

;=o  \9/ 

*  /n\2;+B 

y(l)  J* >+n(q),  (37-35) 

j=o  VP/ 

where  J,  is  a  Bessel  function  of  order  v,  and  p  and  q 
are  related  to  0O  and  8m  by  the  following  relations 

p=4wna  d( cos  8, ,)6m2,  (37-30) 

q  =  4mt<r  rf( sin  8{))6m.  (37-37) 


l'or  nonnal  incidence  q= 0  and  the  signal  modula¬ 
tion  reduces  to  the  following  expression 


m(P;0)  =  (E^~)’  (37"38) 


which  agrees  with  the  expression  for  the  signal 
modulation  derived  by  Randall  and  Rawcliffe3  for 
transmission  measurements.  The  quantities  m  and  ^ 
have  been  tabulated  by  Hebermehl  et  al.7  for  a  large 
range  of  values  of  p  and  q.  For  the  author’s  measure¬ 
ments  #0  and  therefore  p/q~l. 


37-3.1  Experimental  Arrangement 

The  channeled  spectrum  in  reflection  was  measured 
by  recording  simultaneously  the  sample  and  reference 
interferogram  with  a  double  beam  Michelson  inter¬ 
ferometer.  A  cooled  sapphire  filter  was  used  in  con¬ 
junction  with  black  polyethylene  sheets  and  crystal 
power  filters  to  eliminate  unwanted  radiation.  A 
J-mil  Mylar  beam  splitter  was  employed  to  cover  the 
spectral  region  between  50  and  350  cm-1.  The 
detector  was  a  helium-cooled  carbon  bolometer  f 

operated  at  1.5°K.  The  radiation  was  polarized  by  a 
pile-of-polyethylene-sheets  polarizer.  The  polariza¬ 
tion  achieved  with  this  polarizer  was  better  than 
96  percent  over  the  entire  spectral  region.  « 

37-3.2  Thickness 

The  thicknesses  of  the  samples  were  measured  by 
comparison  with  precision  gauge  blocks.  The  average 
thickness  can  be  measured  by  this  method  with  an 
uncertainty  of  less  than  one  micron.  The  variation  in 
thickness  across  the  sample  is  typically  several 
microns  for  these  polymer  films,  and  is  the  limiting 
factor  in  the  thickness  determination.  The  accuracy 
of  the  refractive  indices  is  limited  by  the  quality  of 
the  samples.  The  thicknesses  of  the  Mylar  and 
Surlyn  A*  samples  were  251  ±1  p  and  243 ±1  p 
respectively. 

37-3.3  Sample  Orientation 

Orientation  of  the  samples  was  accomplished  using 
a  polarizing  microscore.  The  interference  figures 
observed  were  those  expected  for  biaxial  crystals 
viewed  along  the  acute  bisectrix.  With  the  use  of  a 
quartz  wedge  the  optic  plane  was  determined  to  be 
the  vibration  direction  of  the  slow  ray,  making  the 
“crystals”  optically  negative.  From  such  samples 
only  the  slow  and  the  medium  rays  can  be  measured, 
and  therefore  only  the  partial  birefringence  can  be 
determined.  The  samples  were  simply  cut  with  one 
edge  parallel  to  the  optic  plane  and  were  aligned  in 

*  Surlyn  A  is  a  plastic  materia),  called  an  ionomer  resin,  which  is  manu-  * 

factured  by  E.  I.  DuPont  de  Nemours  &  Co. 
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the  sample  holder  along  the  cut  edges.  The  samples 
can  easily  be  oriented  to  ±1°  by  this  method. 

Dispersion  of  the  axes  and  bisectrices  could  not 
be  observed  for  any  of  the  samples  and  the  size 
of  the  optic  angles  was  the  same  for  all  wavelengths 
in  the  visible,  although  the  optic  angle  did  vary  with 
the  thickness  of  the  sample.  (For  example,  for  Mylar 
the  axial  angle  varies  in  the  range  from  20°  to  33°, 
depending  on  the  thickness  of  the  sample.)  The 
symmetry  of  the  color  distribution  caused  by  the 
dispersion  in  the  interference  figure  is  a  reflection  of 
the  symmetry  of  the  crystal.  Since  no  dispersion 
could  be  observed,  it  is  impossible  to  distinguish 
between  the  three  possible  crystallographic  systems 
of  a  biaxial  ciystal:  orthorhombic,  monoclinic,  and 
triclinic.  Only  in  a  crystal  with  an  orthorhombic 
structure  are  the  optic  axes  parallel  to  the  crystal¬ 
lographic  axes  under  all  condi  tions. 

37-4  MEASURED  RESULTS 
37-4.1  Surlyn  A 

A  243-/xm  thick  sample  of  Surlyn  A  1601  film  was 
oriented  at  45°  to  the  optic  axis  to  eliminate  the  bire¬ 
fringence  of  the  sample.  Using  polarized  light,  the 
average  refractive  index  and  absorption  coefficient 
were  determined.  The  average  refractive  index  is 
shown  in  Figure  37-4.  The  absorption  coefficient  was 
determined  from  both  transmission  and  reflection 
data  and  is  shown  in  Figure  37-5.  The  absorption 
coefficient  values  from  the  reflection  data  were 
calculated  from  the  difference  spectrum  R 12  by 
means  of  Eq.  (37-18).  The  corresponding  trans¬ 
mission  values  were  calculated  from  T0  using  Eq. 


Figure  37-4.  Refractive  Index  of  Surlyn  A.  The  circled 
point  represents  the  refractive  index  calculated  from  the 
dielectric  constant 


Figure  37-5.  Comparison  of  Results  for  the  Absorption 
Coefficient  of  Surlyn  A.  The  circled  points  denote  the 
valueB  obtained  by  using  the  low-resolution  transmittance, 
Ea.  (37-15);  the  crosses  denote  th>  values  obtained  from 
reflection  data  using  Eq.  (37-18) 


(37-15).  Good  agreement  between  the  two  methods 
was  not  achieved  in  every  case,  for  reasons  which 
are  not  entirely  clear.  The  light  beam  in  the  inter¬ 
ferometer  that  was  used  has  aberrations  arising  from 
off-axis  illumination  of  several  concave  mirrors.  This 
condition  can  certainly  produce  discrepancies,  but 
tilting  of  the  moving  mirror  of  the  interferometer 
cannot  be  ruled  out  as  a  reason  for  the  discrepancies. 

37-4.2  Mylar  (polyethylene  terephthalate) 

Mylar  is  widely  used  as  beamsplitter  material 
in  the  far-infrared  spectral  region.  Mylar  is  a  partly 
crystalline  polymer  which  can  be  treated  as  a  mixture 
of  crystalline  and  amorphous  phases  or  as  a  single 
crystalline  phase  with  extensive  disorder  and  nu¬ 
merous  defects.  The  structure  of  Mylar  is  similar 
to  that  of  other  jlymers  where  portions  of 

many  molecules  are  .d  side  by  side  in  a  precise 
crystalline  fashion,  each  molecule  passing  through 
several  crystalline  regions.  The  amorphous  regions 
consist  of  portions  of  chain  molecules  which  tie  one 
crystalline  region  to  the  next. 

Drawing  of  polymers  which  are  semicrystalline  pro¬ 
duces  orientation  of  crystallites,  and  orientation  of 
molecules  in  the  non-crystalline  portions  of  the  poly¬ 
mers  in  the  direction  of  draw.  Orientation  perpendicu¬ 
lar  to  the  direction  of  draw  is  random.  Rolling,  on  the 
other  hand,  may  orient  the  molecules  both  perpendicu¬ 
lar  and  parallel  to  the  direction  in  which  the  polymer 
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Figure  37-6.  Slow  and  Medium  Ray  Refractive  Indices 
of  Mylar  in  the  50-  to  360-cm-1  Spectral  Region  as  Deter¬ 
mined  From  a  10-Mil  type  A  Film,  ft  and  y  are  the  medium 
and  slow  rays  for  visible  light,  respectively 


was  rolled.  In  such  cases  of  double  orientation  the 
jKtlymer  is  optically  biaxial.  Hot  drawn  fibers  of 
Mylar  give  sharp  x-ray  diffraction  patterns,  showing 
that  they  are  highly  crystalline  and  that  the  crystal¬ 
line  regions  are  well  oriented.  The  proportion  by 
weight  of  crystalline  regions  in  drawn  fibers  is  from 
48  to  Cm  percent  or  higher. 8  From  these  x-ray  dif¬ 
fraction  patterns  the  unit  cell  has  been  determined 
to  be  triclinic.  Although  the  symmetry  of  the  indivi¬ 
dual  crystallites  in  a  polymer  may  be  quite  low,  in 
fibers  and  films  containing  large  numbers  of  small 
crystallites  a  kind  of  pseudo-symmetry  is  introduced 
by  the  way  in  which  they  are  distributed.  Only  if  this 
pseudo-symmetry  of  the  bulk  material  is  orthor¬ 
hombic,  are  the  optic  axes  the  same  for  all  wave¬ 
lengths. 

A  2ol-gm-thick  sample  of  type  A  film  was  oriented 
with  the  use  of  a  polarizing  microscope.  From  this 
sample  the  slow  and  medium  ray  refractive  indices 
were  determined  and  are  given  as  n,  and  tig,  respec¬ 
tively,  in  Figure  37-0.  The  absorption  coefficients 
corresponding  to  the  slow  and  medium  rays  are  shown 
in  Figure  37-7.  Since  the  absorption  coefficients  deter¬ 
mined  from  the  reflectance  and  the  transmittance 
data  differed  by  less  than  10  percent  over  the  entire 
spectral  range,  the  results  shown  represent  the  average 
of  the  two  sets  of  data.  In  an  earlier  study  on  Mylar 
by  Hell,"  only  the  spectral  phase  and  jxnver  trans¬ 
mittance  were  presented.  The  optical  constants  from 
these  data  were  calculated,  and  the  results  were  found 


Figure  37-7.  Slow  and  Medium  Ray  Absorp¬ 
tion  Coefficient  of  Mylar 


to  be  in  reasonable  agreement  with  the  values  pre¬ 
sented,  although  Bell’s  sample  orientation  and  polar¬ 
ization  conditions  are  unknown. 

37-5  SUMMARY 

A  method  for  determining  the  refractive  index  of 
materials  from  the  channeled  spectrum  has  been 
presented.  It  has  been  shown  that  reflection  measure¬ 
ments  are  preferred  for  most  materials  in  the  far 
infrared.  The  methods  of  determining  the  absorption 
coefficient  from  a  reflection  channeled  spectrum  have 
been  discussed  and  a  technique  for  determining  a 
from  the  amplitude  of  the  fringes  has  been  presented. 
The  major  problem  in  the  determination  of  the  ab¬ 
sorption  coefficient  from  the  fringe  amplitude  has 
been  found  to  be  attenuation  of  the  modulation  in  the 
interferogram  due  to  misadjustment  of  the  inter¬ 
ferometer  and  associated  optics.  Attenuation  of  the 
channeled  spectrum  signature  gives  rise  to  a  false 
absorption  which  is  attributed  to  the  sample.  The 
absorption  coefficient  determined  from  the  low 
resolution  transmittance  or  reflectance  is  relatively 
unaffected  by  the  effects  of  a  misadjustment  of  the 
interferometer.  These  methods  have  been  used  to 
determine  the  optical  constants  of  a  i  umber  of 
materials  in  the  .'>0-  to  350-cm-1  spectral  region  nnd 
results  are  presented  on  two  samples  to  illustrate 
the  technique.  The  results  for  a  have  been  compared 
with  those  obtained  from  the  low-resolution  trans¬ 
mittance  data  and  have  been  found  to  be  in  good 
agreement. 
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Discussion 


A.  (D.  Smith,  AFCRL) :  I  am  not  sure.  We  have 
measured  materials  with  refractive  index  of  about 
1.4,  but  I  do  not  know  what  the  lower  limit  for  this 
method  is. 
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Abstract 

a 


The  refractive  index  of  sodium  fluoride  at  cryogenic  temperatures  has  been 
determined  between  30  and  180  cm-1  from  channel  spectra  obtained  by  Fourier 
spectroscopy.  By  fitting  the  measured  refract  ve  index  to  a  Lorents  oscillator 
model,  a  low-frequency  dielectric  constant  ot  4.70  and  a  damping  parameter 
varying  from  3.3  cm-1  at  80°  K  to  less  than  0.025  cm-1  at  10°  K  are  found. 


38-1  INTRODUCTION 

Fourier  spectroscopy  permits  the  measurement  of 
optical  constants  in  the  far-infrared  spectral  region 
with  an  accuracy  rivaling  that  obtained  by  specialised 
instruments  in  other  spectral  regions.  These  tech¬ 
niques  have  been  applied  to  the  determination  of  the 
far-infrared  refractive  index  of  sodium  fluoride  at  low 
temperatures.  First  the  technique  employed  is  briefly 
reviewed,  the  experimental  problems  of  applying  the 
method  to  low  temperature  measurements  are  then 
discussed,  and  finally  the  optical  constants  obtained 
for  sodium  fluoride  at  liquid  nitrogen  and  liquid 
helium  temperatures  are  presented. 

38-2  CMANNCt  SPECTRUM  METHOD 

The  Fourier  spectroscopic  techniques  employed  for 
refractive  index  measurements  may  be  divided  into 
two  classes,  which  depend  on  the  location  of  the 
sample  with  respect  to  the  interferometer,  hi  the  first 


class  the  sample  is  located  within  one  beam  of  the 
interferometer  (asymmetric  Michelson)  and  so  both 
phase  and  amplitude  information  arc  available,  from 
which  both  real  and  imaginary  parts  of  the  refractive 
index  may  be  determined.  In  the  second  class  the 
sample  is  located  outside  the  interferometer  (channel 
spectrum)  and  so  the  real  part  of  the  refractive  index 
can  be  determined  with  high  accuracy,  based  on  wave- 
number  measurements,  while  a  leas  accurate  deter¬ 
mination  of  the  imaginary'  part  (absorption)  is  possible 
based  on  spectral  intensity  measurements.  Since  the 
two  interfering  beams  in  the  Aerospace  lamellar 
grating  interferometer*  are  not  conveniently  separated 
spatially,  the  channel  spectrum  method  was  used. 
(This  work  was  conducted  under  1'.  8.  Air  Force 
Spare  and  Missile  Svstems  Organisation  (SAM SO) 
Contract  K04701-69-C-006G|. 

The  basic  sample  geom<  rv  is  shown  in  Figure  38-1. 
F?w  light  incident  on  a  sample  of  thickness  h  at  any 
angle,  a  straightforward  and  familiar  calculation 
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Kinurf  .'18-1.  Channel  Spectrum  Sample  Geometry 


shows  that  the  transmittance  T(v)  is 


rW-T(r)(l+2  Z  p'cosW),  (38-1) 

t-i 


where  »»( =  I/X)  is  the  wavenumber  and  the  other 
quantities  are  related  to  the  complex  refractive  index 
m  =  n + ik  by  the  following  relations2 


r(v)«  16(rts+Jta)  exp  (—ah  cos/})/ 

{|(»i+ l)*+fc*]*(l  — P*)} »  (38-2) 

p-[(n-lr-M-2)exp  (-ah  cos/3)/ 

l(n+l)a+fca),  (38-3) 

0»4x’Aw»cosd+tan_1  (2Jt/(na+lla— D),  (38-4) 


ami  wArvk  is  the  customary  absorption  constant; 
H  is  the  angle  between  the  ray  and  the  normal  within 
the  sample.  The  complete  transmittance  spectrum 
given  by  Kq.  (38-1)  consists  of  a  slowly  varying  aver¬ 
age  transmittunce  given  by  r(e)  modulated  by  the 
interference  given  by  the  cosine  series.  The  absorption 
parameter  a,  may  be  obtnined  from  the  average 
transmittance  by  an  iterative  solution  of  Kq.  (3X-2), 
once  n  is  known.  The  modulation  will  have  maxima 
when  the  optical  thickness  is  an  integral  number  of 
half- wavelengths;  that  is,  when  $«2mr,  where  m  is 
culled  the  order  number.  If  v  is  the  wavenumber  at 
which  a  maximum  occurs,  the  real  part  of  the  re¬ 
fractive  index,  which  can  be  obtnined  from  Kq.  (3S-4), 
is 


(38-:,) 


For  the  samples  studied  the  imaginary  part  of  the 
index  is  small  enough  to  allow  the  arc-tangent  term  to 
be  completely  ignored. 

The  assignment  of  order  number  m  must  be  made 
with  particular  care  in  a  material  with  significant 
dispersion,  such  as  sodium  fluoride.  This  assignment 
is  made  by  assuming  a  functional  form  for  the 
dependence  of  n  on  frequency,  and  then  solving  Eq. 
(38-5)  simultaneously  for  two  different  maxima  at  as 
low  a  frequency  as  possible  to  obtain  a  value  for  the 
refractive  index.  This  value  of  n  is  then  used  to 
compute  the  order  number  from  Eq.  (38-5).  Since 
the  spectral  range  of  the  data  is  well  below  the 
characteristic  lattice  absorption  frequency,  v0,  it  is 
assumed  that  a  series  expansion  of  Sellmier’s  equation 
is  an  adequate  function  to  relate  the  real  refractive 
index  to  <o  and  e»,  the  low  and  high  frequency 
dielectric  constants,  respectively,  as  follows 


n  =  no{l+A(v/p0)2[H-B(v/v0)a]},  (38-6) 


where  A  =  (t0— t»)/2t0,  andB  =  (3«oJ  e«)/4e0-  A  and 
B  may  be  calculated  from  crude  estimates  since  they 
affect  only  small  corrections;  n0=€0i  will  be  de¬ 
termined  from  the  simultaneous  equation  solution. 
By  substituting  the  value  of  n0  back  into  Eq.  (38-5) 
the  order  number,  correct  to  first  order  in  (v/v0)a,  is 
found  after  some  algebra,  in  terms  of  only  measurable 
quantities  and  A,  to  be 


m  -  (Am/M{l  —  A  (vA-0)2[2+3*+*a]} ,  (38-7) 


where  Av/Am  is  the  frequency  change  between  maxima 
in  the  region  of  the  maximum  of  order  m  at  frequency 
v,  and  ♦  -  A:>/v  In  the  worst  case  the  correction  term 
was  about  4  percent  and  resulted  in  a  change  of  4  in 
the  order  number.  Of  course,  once  thj  order  number 
is  correctly  assigned  at  one  place  in  the  spectrum  it  is 
assigned  correctly  for  the  entire  spectrum. 

The  form  of  Kq.  (38-1)  as  a  cosine  series  emphasises 
the  advantage  of  taking  data  for  this  method  by  means 
of  an  interferometer  which  Fourier  cosine  transforms 
Kq.  (38-1)  so  that  the  coefficients  of  the  various  terms 
become  physically  separated  in  "signatures’*  occurring 
at  regularly  spaced  intervals  in  interferometer  optical 
path  difference.  This  is  taken  advantage  of  by  obtain¬ 
ing  data  away  from  sero  path  difference  in  such  a 
manner  as  to  maximise  the  signal-to-noise  ratio  in  the 
signatures.  This  optimises  the  precision  of  the  wave¬ 
number  determination  in  the  modulation  of  the 
transmittance  spectrum.  The  portion  of  the  intcr- 
ferogmm  'out  sero  path  difference  is  determined  in 
such  a  mai<  r  as  to  optimise  the  amplitude  accuracy 


n  -  m/('2vh  cos  (3). 
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of  the  spectrum.  The  average  transmittance  is 
determined  from  this  amplitude  spectrum  appropri¬ 
ately  corrected.  Room  temperature  refractive  index 
measurements  by  these  methods  have  already  been 
completed  for  a  number  of  materials.2,3 

38-3  LOW  TEMPERATURE  MEASUREMENTS 

These  measurements  have  been  extended  to  low 
temperatures  because  this  gives  increased  insight  into 
the  mechanisms  for  optical  constant  change  in  solids 
and  because  many  potential  uses  of  materials  in  the 
far-infrared  will  be  in  cooled  systems. 

Because  of  the  convenience  of  maintaining  only 
one  cryostat,  many  investigators  place  their  samples 
in  the  light  pipe  leading  from  the  interferometer  to  the 
cooled  detector.  For  the  work  described  here  it  was 
decided  to  use  the  more  complicated  route  of  a 
separate  sample  dewar  to  permit  more  careful 
definition  of  the  angles  with  which  radiation  strikes 
the  sample,  and  to  allow  the  sample  temperature  to 
be  varied  independently  while  the  detector  is  main¬ 
tained  at  its  optimum  operating  temperature. 

With  a  separate  dewar  it  is  important  that  dif¬ 
ferences  in  emission  between  a  cold  sample  and  its 
warm  surroundings  should  not  be  confused  with 
changes  in  transmittance.  Figure  33-2,  which  is  a 


Figure  38-2.  Schematic  Duma  of  the  Aero- 
mere  Lamellar  Grating  Intemroraeter  Sample 
Optic*  Arranged  For  a  Single- Bear.  Run 


schematic  diagram  of  the  sam;*le  optics  of  the  Aero¬ 
space  interferometer,  illustrates  how  such  confusion 
may  arise.  In  an  absorbing  spectral  region  the  trans¬ 
mittance  of  the  sample  is  low  and  the  cmiasivity  is 
high,  so  the  detector  sees  the  difference  between  a 
300“  K  object  in  the  lower  beam  and  a  90*  K  object 
in  the  upper  beam.  The  effect  is  to  superimpose  on 
the  transmittance  spectrum  a  spectrum  of  the 
difference  in  emission.  Figure  38-3  shows  such  a 
diffcrence-of-emiasion  spectrum,  comparing  poly¬ 
ethylene  at  liquid  nitrogen  temperature  with  black 
anodised  aluminum  at  room  temperature.  No  source 


Figure  38-3.  Spectrum  Duelo  the  Difference 
in  Emission  Between  a  Black  Anodised  Aluminum 
Sheet  at  Room  Temperature  and  Polyethylene 
at  Liquid  Nitrogen  Temperature.  The  detecting 
electronic*  are  adjusted  so  that  increasing  emission 
from  the  aluminum  gives  a  positive  signal.  The 
absorption  at  130 cm'1  is  due  to  a  cold  crystal 
quarts  window  in  the  detector  cryostat 


illuminates  either  material.  Over  most  of  the  spectral 
region  the  detector  sees  through  the  quite  transparent 
polyethylene  to  the  room  temperature  surroundings, 
and  so  the  difference  spectral  intensity  is  not  large. 
In  the  polyethylene  absorption  land  at  70  cm-1, 
however,  the  detector  views  an  object  at  liquid 
nitrogen  temperature.  The  room  temperature  alumi- 


Figun*  38-1.  IV»ar  and  Chopper  for  the 
Aerospace  iaiwiUr  Grating  interferometer 
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num  emits  more  energy  than  the  polyethylene,  so  the 
difference  spectral  intensity  increases  significantly. 
This  occurs  at  just  the  places  in  the  spectrum  where 
there  is  usually  the  most  interest  in  obtaining  accurate 
measurements  of  transmittance  from  the  composite 
spectrum. 

These  problems  may  be  avoided  by  chopping  the 
radiation  before  it  passes  through  the  cold  sample. 
This  has  required  the  installation  of  a  new  chopper  in 
the  Aerospace  interferometer.  It  is  shown,  along  with 
the  dcwar,  in  Figure  38-4.  This  chopper  is  driven  by 
a  stepping  motor  which  allows  a  variation  in  chopping 
frequency  from  xero  up  to  about  25 II*.  The  samples 
are  mounted  behind  the  window  in  the  dewar  tail  on 
a  high-conductivity  copper  cold  finger. 

38-4  SODIUM  FLUORIDE  RESULTS 

Sodium  fluoride  was  chosen  for  study  for  several 
reasons.  There  is  considerable  theoretical  interest  in 
the  simple  cubic  ionic  crystals.  The  alkali  halides 
show  a  super-transparency  at  low  temperatures, 
indicating  marked  change  in  their  optical  parameters. 
Also,  there  is  some  diversity  in  the  values  quoted  for 
the  low-frequency  dielectric  constant.4  Interfero- 
grams  have  been  obtained  of  the  channel  spectrum 
and  the  average  transmittance  spectrum  of  a  0.5639- 
cm-thick  crystal  of  sodium  fluoride  at  liquid  nitrogen 
and  liquid  helium  temperatures. 

Because  of  the  dispersion  in  XaF  the  signatures  in 
the  intrrferogram  which  give  the  channel  spectrum 
arc  very  asymmetric.  31113  is  emphasised  in  Figure 
38-5,  which  shows  portions  of  the  XaF  signature  and, 


mt*  w«tqua  *  great 


FlnreM-S.  ChamwS  Horrirum  Signature  of  Sodium 
Flunridp  ti  liquid  IMinm  Temperature.  The  signature  of  t 
nitron  nunptr  is  rfaown  far  romptriron 


for  comparison,  the  signature  of  a  sample  of  very 
low-dispersion  silicon. 

Figure  3S-6  shows  the  refractive  index  obtained  by 
the  means  outlined  above  from  the  Fourier  cosine 
transform  of  interferograms  such  as  that  shown  in 
Figure  AV.V  To  determine  the  low-frequency  dielectric 
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Figure  33-6.  Real  Part  of  the  Refractive  Index  of  Sodium 
Fluoride  at  Liquid  Nitrogen  and  Liquid  Helium  Temperatures 


constant  «0  more  accurately,  the  real  refractive  index 
data  have  been  least-squares  fit  to  a  Lorents  oscillator 
model  for  which  the  complex  dielectric  constant, 
«-(*)*  -(*+**)*»  is 


<  »  <«+(e0— O/U  -  (*/»'o),+t(T«'/»'o*)l,  (38-8) 


where  is  the  dielectric  constant  at  frequencies  far 
above  the  characteristic  frequency,  »0.  and  7  is  a 
damping  constant.  The  values  chosen  for  the  con- 
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V  igure  38-7.  Far-infrared  Tnuurewtlsore  of  Smthw 
Flwridr  at  ls«  Tnupstlum.  0  liquid  aiinpa 
trmpresture,  O  liquid  Mnua  temperature 
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stants  are  <«  =  1.755  and  v0-24fi  cm-1. 5,6  The  7  is 
obtained  from  the  average  transmittance  spectrum 
analysis  to  be  discussed.  Only  e0  is  allowed  to  vary. 
The  best  fit  value  is  4.70±0.02.  No  significant 
change  is  observed  with  temperature  in  the  real  part 
of  the  refractive  index  in  the  spectral  region  where 
data  from  both  liquid  nitrogen  and  liquid  helium 
temperatures  are  available. 

There  is,  however,  a  significant  decrease  in  the 
imaginary  part  of  the  refractive  index  with  tempera¬ 
ture  as  indicated  by  the  temperature  dependence  of 
the  average  transmittance  shown  in  Figure  3S-7.  The 
curves  shown  in  Figure  38-7  were  made  by  trans¬ 
forming  only  the  portion  of  a  single  beam  interfero- 
gram  near  aero  path  difference  and  correcting  for 
source  spectral  variation,  window  transmittance,  and 
sensitivity  change  of  the  instrument  to  obtain  the 
average  transmittance  r(r).  From  these  transmittance 
curves,  the  absorption,  a^irvk,  was  found  by  means 
of  Eq.  (38-2)  and  the  measured  real  refractive  index. 
The  resulting  Absorption  parameters  are  shown  in 
Figure  38-8. 

To  characterize  this  change  in  absorption  with 
temperature  by  a  single  parameter,  the  Lorentx 
oscillator  has  been  used  in  a  least-squares  fit  to  the 
measured  absorptions,  with  only  7  varying.  The 
value  chosen  for  «0  was  4.70  from  the  real  index 
measurements,  and  the  other  constants  were  the  same 
as  those  used  in  the  real  index  calculations.  For  the 
liquid  nitrogen  temperature  data  this  procedure  was 
straightforward,  and  a  value  of  3.3  cm-'  was  obtained 
for  7.  For  comparison,  the  calculated  absorption  for 
a  Lorenta  oscillator  with  this  damping  is  shown  in 
Figure  38-8.  At  liquid  helium  temperature  the 
absorption  is  so  small  that  the  noise  in  the  limited 
data  available  obscures  any  clear  trend  in  the  absorp¬ 
tion.  Therefore,  the  absorption  for  several  values  of 
7,  which  give  absorption  parameters  that  bracket 


most  of  the  experimental  points,  have  been  plotted  in 
Figure  38-8. 

Values  of  the  damping  constant  at  intermediate 
temperatures  will  be  of  interest  to  differentiate 
between  various  mechanisms  suggested  for  the  absorp¬ 
tion  of  infrared  radiation  by  the  alkali  halides,  since 
different  mechanisms  have  somewhat  different  ab- 
sorptance  temperature  dependence.  The  dewar  is 
now  being  modified  for  variable  temperature  opera¬ 
tion,  so  that  this  functional  dependence  on  tempera¬ 
ture  may  be  investigated. 
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Figure  38-8.  Absorption  far  Sodium  Fluoride  at 

Low  Temperature.  O  liquid  nitrogen  temperature.  □  liquid 
helium  temperate  re.  Toe  smooth  curve*  arc  id.«orp*!on» 
calculated  for  a  uorrnt*  uwilhttor  model  dilrrlrir  eitb 
«»«•■». 70.  ».  «  I.TJkS  and  »»«  246.0  cm  ‘  !  and  the  value*  ul  ■> 
in  unit*  of  cm  " 1  shown  on  the  figure 
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Q.  (L.  Leopold,  Georgetown  University):  In  your 
expression  for  the  phase  there  appeared  a  term  o', 
which  expresses  the  phase  shift  due  to  absorption. 
You  mentioned  that  this  is  negligible  compared  to  the 
first  term.  How  do  you  treat  5  when  the  first  term  is 
equal  to  2 n1 2 3‘! 

A.  (('.  Randall,  Aerospace  C’orp.):  Since  fre¬ 
quencies  corresponding  to  transmittance  maxima 
(0  =  «i27r)  are  measured,  and  since  6  is  only  indirectly 
and  weakly  dependent  on  frequency  (see  Eq.  (38-4) 
where  6  is  explicitly  defined),  if  this  term  were 
important  it  would  have  the  effect  of  making  the 
order  number  m  appearing  in  Eq.  (38-5)  slightly 
different  than  an  integer. 

Q.  (L.  Thorpe,  Beckman  Research  &  Industrial 
Instruments):  Could  you  indicate  the  problems,  and 


contribution  of  T.  E.  Mott  in  carrying  out  the  ex¬ 
perimental  work. 
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Discussion 


their  solutions,  involved  in  the  measurement  of  the 
thickness  of  the  parallel-sided  samples  used  in  your 
determinations  of  their  refractive  index  as  a  function 
of  frequency  and  temperature? 

A.  (C.  Randall):  Assuming  the  order  number  has 
been  chosen  correctly,  the  accuracy  of  the  real  refrac¬ 
tive  index  determination  depends  only  on  the  accuracy 
of  the  wave  number  determination  and  the  thickness 
measurement.  Because  of  uncertainties  in  the  thermal 
expansion  coefficients  for  NaF  we  have  determined  the 
thickness  with  a  micrometer  accurate  to  only  ±0.0001 
in.  Mure  accurate  thickness  measurements  have  been 
required  for  room  temperature  work.  Sec  Randall  and 
Rawcliffe2  for  details  of  these  measurements  as  well  as 
a  discussion  of  a  correction  to  sample  thickness 
required  by  the  convergence  of  the  beam. 
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39.  A  New  Reid  in  Fourier  Spectroscopy: 

interferometric  Polarimetry* 


A.  L.  Fymat  and  K.  D.  Abhyankarf 

Je?  Propulsion  laboratory 
Catifomia  Institute  of  Technology 
Pasadena,  California 


Abstract 


The  possibility  of  measuring  the  intensity  and  state  of  polarization  of  optical 
radiation  by  means  of  the  high-resolution  Fourier  spectroscopic  method  is  demon¬ 
strated.  In  the  proposed  experimental  arrangement,  a  two-beam  interferometer 
is  used  with  &  polariisr  in  each  beam.  After  recombination  the  emergent  radiation 
is  analyzed  with  a  linear  polarizer.  It  is  shown  that  the  interferograms  obtained 
in  this  way  contain  information  about  the  four  Stokes  parameters  of  the  incident 
radiation.  The  polarizers  introduce  an  asymmetry  in  the  interferograms  requiring 
full  (exponential)  transforms  for  retrieval  of  the  desired  data.  The  effects  of  the 
finite  range  of  path  difference  and  the  variation  of  its  zero  point  with  frequency 
are  considered,  and  evaluation  of  the  corresponding  phase  error  with  a  proper 
choice  of  the  polarizer  settings  is  discussed.  The  formalism  also  takes  into  account 
the  residual  polarization  introduced  by  the  beam  splitter,  and  the  differential 
transmission  of  the  two  beams.  Generally,  three  independent  interferograms  are 
needed  for  determining  the  phase  error  and  the  four  Stokes  parameters.  Some 
simple  arrangements  arc  described  in  which  the  two  beams  are  both  linearly 
polarized. 


39-1  INTRODUCTION 

During  the  past  two  decades,  interferometric 
(Fourier)  spectroscopy,  particularly  in  the  infrared 
region  of  the  spectrum,  has  been  made  possible  by  the 
works  of  Fellgett,1  Jacquinot,2  Comics,'1  and  Lowcn- 
stein.4  The  well-known  advantages  of  Fourier  spec- 

*  The  results  of  one  phase  of  research  carried  out  at  the  Jet  Propulsion 
Laboratory,  California  Institute  of  Technology,  under  C  ontract  No.  NAS 
7-100,  sponsored  by  the  National  Aeronautics  and  Space  Adm  nist  ration 
are  presented. 

t  Senior  Postdoctoral  Resident  Research  Associate  of  NRC-NASA.  On 
leave  of  absence  from  Osmania  University,  Hyderabad,  India. 


troscopy  have  so  far  been  used  only  for  measuring  the 
brightness  spectrum.  It  is  the  purpose  of  the  present 
paper  to  demonstrate  that  the  Fourier  spectroscopic 
technique  can  be  adapted  for  the  measurement  of  all 
polarization  parameters,  that  is,  brightness,  degree  of 
polarization,  orientation  of  the  plane  of  polarization 
and  cllipticity,  with  a  comparably  high  degree  of 
resolution  over  as  wide  a  spectral  range.  In  compari¬ 
son,  the  conventional  methods  of  polarimetry  neither 
possess  such  a  resolution  nor  yield  a  sufficient  signal- 
to-noise  ratio  for  the  same  resolution.  The  high- 
resoiution  measurements  of  both  the  brightness  and 


378 


state  of  polarization  are  needed  in  many  physical 
problems  such  as  the  interpretation  of  planetary  radi¬ 
ation.  In  particular,  the  variation  of  polarization 
across  a  band  in  the  planet's  spectrum  will  provide 
valuable  information  on  the  scattering  properties  and 
structure  of  its  atmosphere.  It  is  here  that  the  pro¬ 
posed  Fourier  spectroscopic  method  will  find  one  of 
its  most  urgent  applications. 

39-2  POLARIZATION  PARAMETERS  AND  METHODS 
OF  MEASUREMENT 

The  basic  representation  of  the  state  of  polarization 
of  a  quasimonochromatic  radiation  field  given  by  the 
column  matrix, 


is  in  terms  of  the  time  averages  (denoted  by  angular 
brackets)  of  products  of  the  complex  field  components 
( EiEj*)=Ji ;,  (i=x,  y,j-x,  y),  where  the  asterisk 
represents  the  complex  conjugate. '  They  define  the 
coherency  matrix  (compare,  for  example,  Wolf5), 


J={EX&)-(Jxx  -M,  (39-1) 

Vyi  uv/ 


where  Ff  denotes  the  Hermitian  conjugate  of  E  and 
the  cross  represents  the  Ivronecker  product.  The  ele¬ 
ments  of  J  are  related  to  the  Stokes  parameters  of  the 
field  in  the  following  way: 

I  ~  •!  xx  T race  J 

Q  =J  xx  J  yy 

U  =J xy  +  j yx 

V=~i(Jxy~Jyx)  (39-2) 

It  may  be  noted  that  Jxx  and  Jvy  are  real  quantities 
whereas  Jxy  and  Jyx  are  complex  conjugates  of  each 
other.  It  is  convenient  to  write  Jxu  =  \Jzy\  exp  [i3xy]- 
Hence,  all  the  Stokes  parameters  are  real  and  have  the 
dimensions  of  intensity. 

The  effect  of  any  optical  device  on  the  electric  field 
can  be  represented  by  a  2X2  Jones  matrix  K  such 
that" 


(39-3) 


The  coherency  matrix  of  the  resultant  field,  J',  can 
be  obtained  from  E'  with  the  help  of  Eq.  (39-1). 
The  emergent  intensity  given  by  the  trace  Tr  J'  of  the 
matrix  J '  is  a  function  of  the  Stokes  parameters  of  the 
incident  field.  For  example,  if  the  light  is  passed 
through  a  compensator  which  retards  the  phase  of  the 
y-component  with  respect  to  that  of  the  x-component 
by  an  angle  e,  and  then  through  a  linear  polarizer 
making  an  angle  0,  with  the  positive  x-direction,  the 
emergent  intensity  will  be  given  by  the  interference 
equation7 


1(0,  e)  =JXX  cos2  9-\-Jyy  sin2  6 

+ \J xy|  sin  2  6  cos  (fixy  e) .  (39-4) 


It  is  obvious  from  Eq.  (39-4)  that  four  independent 
measurements  of  1(9,  e)  for  various  combinations 
{9,  e}  will  be  sufficient  for  determining  the  four  Stokes 
parameters.  Born  and  Wolf7  have  suggested  the  fol¬ 
lowing  six  measurements:  (0°,  0°},  (45°,  Ck),  {90°,  0°}, 
{135°,  0°},  {45°,  90°},  and  {135°,  90°}.  However, 
there  is  a  redundancy  in  these  measurements  because 
the  second  and  the  fourth  setting,  and  the  fifth  and 
the  sixth  setting,  are  not  independent. 

The  usual  optical  methods  for  determining  polari¬ 
zation  are  based  on  Eq.  (39-4)  and  involve  only  mea¬ 
surements  of  two  to  four  intensities  with  the  help  of 
linear  polarizers  and  fixed  retarders.  On  the  other 
hand,  in  radio  astronomy,  in  addition  to  these  meth¬ 
ods,  other  procedures  based  on  the  coherency  concept 
are  also  used.8,9,10  In  the  latter,  only  Jxx  and  Jyy  are 
measured  directly  as  intensities  using  linear  or  circular 
antennas,  whereas  \Jxy\  and  0xy  are  obtained  by  means 
of  electronic  correlation  techniques  involving  a  con¬ 
tinuously  variable  retardation  between  the  two  com¬ 
ponents.  The  variable  retardation  is  introduced  either 
with  a  phase-sweeping  device  connected  to  a  single 
radio  telescope  or  with  a  two-beam  radio  interferom¬ 
eter.  Such  approaches  have  not,  however,  been  made 
in  the  optical  region.  It  is  clear  that  the  phase-sweep 
technique  will  not  be  possible  at  high  optical  fre¬ 
quencies,  but  the  interferometric  method  can  certainly 
be  used  as  explained  in  the  following  paragraphs. 

39-3  PRINCIPLE  OF  THE  EXPERIMENTAL  SCHEME 

Figure  39-1  is  a  schematic  diagram  of  the  proposed 
two-beam  optical  interferometer  to  be  used  for  mea¬ 
suring  polarization.  The  radiation  from  the  source  0 
is  first  divided  into  two  beams  with  the  help  of  a 
splitter,  which  could  be  in  the  form  of  two  slits  of 
Young’s  experiment,  the  beam  splitter  of  a  Michelson 
interferometer,  or  any  other  similar  arrangement.  Let 
SiEx  and  S2E»  be  the  complex  amplitude  vectors  at 
wavenumber  «r  for  the  two  beams,  where  Sj  and  $2  are 
the  Jones  matrices  representing  the  action  of  the  beam 
splitter.  The  latter  include  both  the  fractional  trans- 


E'  =  KE. 
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Figure  39-1.  Proposed  Two-beam  Optical  Interferometer  For  Measuring  Polarization 


mission  or  reflection  and  the  polarization  introduced 
into  the  beams.  (For  an  ideal  Michelson  interferom¬ 
eter  S1=$2  =  (l/v/2)f,  where  I  is  the  unit  matrix.) 
The  beams  1  and  2  are  then  passed  through  two 
polarizers,  Pi  and  P2,  respectively.  Let  Pj  and  P 2 
represent  the  Jones  matrices  of  the  two  polarizers; 
then,  PiSjEff  and  P2S2Ea  will  be  the  amplitudes  of  the 
emergent  beams.  The  interferometer  now  introduces 
a  relative  retardation  between  them  which  is  charac¬ 
terized  by  the  Jones  matrices  Ri  and  R2.  If  the  rela¬ 
tive  retardation  in  phase  is  S=2ir<JT  (T=path  differ¬ 
ence),  one  way  of  expressing  Ri  and  R2  is 


Ri  —e~iSI2l,  R2  —  eitl2l.  (39-5) 


The  two  beams,  which  now  have  the  amplitudes 
R 1 p  1 S  x  and  R2p2S2£cr,  are  then  recombined  either 
directly  (as  in  Young’s  experiment)  or  after  a  second 
p  e  through  the  splitter  (as  in  Michelson’s  inter¬ 
ferometer).  This  mixer  action  can  be  represented  by 
the  Jones  matrices  Mi  and  M2  for  the  two  beams. 
Hence,  the  combined  emergent  amplitude  will  be 


(MlR1P1S1  +  M2R2P2S2)F«  ~  (RxMiPiSi+R2M2P2S2)E5. 


ence  t  from  radiation  in  the  wavenumber  interval  da 
will  be  IT(a)  da  =  Tr  J(S)  da.  The  total  intensity  is 
given  by 


I(t)=  T  Ir(a)da;  (39-6) 

Jo 


the  variable  part  of  7(t)  is  known  as  the  interferogram. 
Although  both  the  variable  and  constant  parts  of  I  (r) 
contain  informatior  oout  the  Stokes  parameters  of 
the  original  radiation,  only  the  interferogram  can  be 
used  for  this  purpose  in  the  method  of  Fourier 
spectroscopy. 

39-4  ANALYSIS  OF  THE  INTERFEROGRAM 

In  order  to  obtain  the  Stokes  parameters  of  the 
incident  radiation,  it  is  necessary  first  to  examine  how 
they  enter  into  the  observed  interferogram. 

39-4.1  Computation  of  I, [a) 

Letting  (P,-  =  MjPjSj,  (j=  1,  2),  (P3  =  P3,  and  writing 


**>-(£  £)•  «•*> 


in  view  of  Eq.  (39-5).  In  the  radio  region,  it  is  possible 
to  deal  directly  with  this  combined  amplitude  in  the 
form  of  an  output  voltage  of  the  mixer  element  of  the 
circuit.  On  the  other  hand,  in  the  optical  region,  it  is 
necessary  to  introduce  an  analyzer  in  the  form  of  a 
linear  polarizer  P3  in  the  interfering  beams.  If  P 3  is 
the  Jones  matrix  for  the  analyzer,  the  final  amplitude 
will  be  E(P3)  =P3(RiMiP1S14-R2M2P2S2)E»,  which  gives 
the  coherency  matrix  J( 5)  according  to  Eq.  (39-1). 
The  contribution  to  intensity  for  a  fixed  path  differ- 


and  making  use  of  Eq.  (39-5)  gives  the  emergent  am¬ 
plitude  vector 


E((Ps)  = 


Mi 
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which  can  be  written  as 


function 


C(<Ps)  = 


/(«I  cos  * — 1  sill  |)  E, 

(5  5\ 

«2  cos  2~i/32  Sin  £„ 

(«3  cos  i03  sin  |)  £* 
l  +  («4  cos  |  -1/S4  sin  |)  Ev  ,  (39-8) 


where  the  a’s  and  0’s  are  functions  of  cr  through  the 
(P,/s.  Then,  computing  J(i)  and  taking  its  trace,  gives 


IT(ff)  =  Oi (a) -fa2(<r)  cos  5+o3(<r)  sin  5,  (39-9) 


'--‘feg] 


in  the  cosine  term  at  the  right-hand  side  of  this  equa¬ 
tion,  and  to  weight  the  constant  and  variable  parts  of 
the  intensity  with  different  functions  of  <r. 

39-4.2  Use  of  Fourier  Spectroscopy 

The  total  intensity  is  obtained  by  integrating  IT(tr) 
over  all  wavenumbers.  Thus,  substituting  Eq.  (39-12) 
in  Eq.  (39-6)  gives 


7(r)=  [  d(a){ai(a)+p(a)  cos  [2ttot— ^(<t)]}  da; 
Jo 

(39-13) 


where,  after  using  Eq.  (39-2), 


and  the  interferogram  is  given  by 


o.(<r)  =  pi(<r) /(<r)  +9,(<r)(?(<r)  -f  r,(«r)  U(a)  +s,(a)  V  (a) , 

(*-1,2,3),  (39-10) 


Var  {/(r)}  =  f  °°  d{a)p(a)  cos  [27ror— ^(<r)]  da. 

Jo 

(39-14) 


and  pi,  q„  r„  and  s,  are  known  real  functions  of  the 
(P,/s  through  the  a’s  and  0’s.  The  observed  intensity 
will  be  d(a)I,(a),  where  d(a)  is  a  factor  representing 
the  instrumental  sensitivity. 

Introducing  the  auxiliary  quantities  p{a)  and  ^(<r) 
by  the  equations 


a2(a)  —p(a)  cos^(<r) 
a3  (a)  =p(a)  sin  ^(cr) 


(39-11) 


This  expression  shows  that,  owing  to  the  use  of  the 
polarizers  P„  the  interferogram  obtained  with  the 
present  two-beam  interferometer  is  not  a  symmetrical 
function  of  7.  Hence,  the  spectral  distribution  of  the 
incident  radiation  is  not  the  Fburier  cosine  transform 
of  the  interferogram.  Therefore,  it  is  necessary  to 
resort  to  the  full  exponential  transform  for  deriving 
p(a)  and  ^(<r),  which  in  turn  would  give  the  four 
Stokes  parameters  of  the  incident  radiation.  If  for 
negative  wavenumbers  it  is  assumed  that 


Eq.  (39-9)  can  also  be  written  in  the  form 


d(-a)=d(a),  p(-a)  =p(<r),  'l'(-a)  =  ~iK<r),  (39-15) 


/,(*)  =rf(ff)M<r)+p(<r)  cos  {«— *(<r)}]  (39-12) 


Eq.  (39-14)  becomes 


At  this  point  it  should  be  noted  that  the  effect  of  the 
polarizers  /',  has  been  to  introduce  the  argument 


Var  {/(r)}  =  i  f"  d(a)p(a)  exp  [-i^(a)]e  '2t't  da. 

(39-16) 


k 
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Equation  (39-16)  is  true  only  for  an  ideal  inter¬ 
ferometer.  In  practice,  however,  one  has  to  take  into 
account  the  following  imperfections  of  the  system :3, 1 1 

(1)  The  finite  extent  (r  j,  t2)  of  the  interferogram; 
this  is  indicated  by  a  positive  transfer  function  T(t) 
in  front  of  the  integral  on  the  right-hand  side  of 
Eq.  (39-14).  This  function  is  made  to  vanish  outside 
the  interval  ( T\ ,  t2). 

(2)  The  zero  point  of  r  may  vary  with  a,  which 
introduces  a  further  asymmetry  in  the  interferogram ; 
this  is  taken  into  account  by  introducing  a  phase 
term  {— ^(<r)}  in  the  argument  of  the  cosine  factor. 
Amplitude  terms  which  depend  on  a  only  can  be 
included  in  d{a). 

(3)  On  account  of  (2),  the  values  of  T\  and  t2  may 
vary  with  <r,  although  their  difference  (t2— T\)  may 
remain  constant,  thus  causing  changes  in  the  geo¬ 
metrical  parameters  of  the  interferometer.  This 
interaction,  which  is  the  result  of  the  finite  size  of  the 
source,  gives  rise  to  another  positive  amplitude  factor 
B{ar)  and  an  additional  phase  term  7 (or). 

Hence  Eq.  (39-14)  becomes 


If  the  size  of  the  source  is  sufficiently  small,  S*(ar) 
can  be  replaced  by  S*(cr0r),  where  a0  is  the  mean  wave- 
number  of  the  passband.  Then,  Eq.  (39-19)  becomes 


2  Var  {/(r)} 
T(t)S*(<t0t) 


d(<r)p(<r) 


exp  {#(<r)+4>(<r)]}e  ,2rvT  da. 

(39-21) 


From  Eq.  (39-2)  it  is  seen  that 


2  Var  {/(t)} 
T(r)S*(a0r) 


and 

Var  {/(r)}  =  T(t)  f”  d{a)p{a)B{ar)  cos  (2iror— \p{a) 

— $(«0+7(<7t)}  da.  (39-17)  [d(ff)p(<r)X  exp  {i[^(<r)+<^(<r)]}] 


« 


This  is  the  correct  expression  for  any  recorded  inter¬ 
ferogram.  Now,  in  addition  to  Eq.  (39-15),  if  for 
negative  wavenumbers,  it  is  also  assumed  that 

B(—  ar)=B(aT), 

</>(—&)  =  ~<t>(<r),  7(  or)  =  — 7(<rr),  (39-18) 

the  interferogram  could  be  expressed  by 

Var  {/(r)}  -  jnr)  £  d(a)p(a)S*(ar) 

exp  {t'(^(<r)+^(<r)J}e~,2F'r  da, 

(39-19) 

where 


form  a  Fourier  pair.  Hence,  the  full  (exponential) 
transform  of  the  interferogram  yields  the  latter  func¬ 
tion.  In  Eq.  (39-21),  the  function  T{t),  representing 
an  amplitude  factor  for  the  interferogram,  is  real.  It 
is  the  Fourier  transform  of  the  scanning  function.  If 
the  latter  is  apodized,  then  7'(r)  is  a  suitably  tapered 
function,  which  vanishes  at  the  ends  of  the  path  differ¬ 
ence  interval  (ti,t2)  in  a  smooth  way.  The  phase 
term  $(a)  represents  an  important  source  of  error,  for 
it  contributes,  along  with  4>(a),  to  the  destruction  of 
the  symmetry  of  the  interferogram.  The  term  S(ot), 
known  as  the  source  function,  includes  both  amplitude 
and  phase  effects.  Now,  since  T(t),  d(a)  and  S*{a0r) 
are  known  functions,  one  can  derive  p(a)  and 
[^(ff)+4>(ff)].  In  order  to  determine  the  phase  error 
<t>(a),  it  is  necessary  to  have  one  interferogram  for 
which  i>{a)  is  known.  Here  it  is  assumed  that  the 
interferometer  is  sufficiently  stable  during  the  time  of 
one  set  of  measurements  so  that  <t>{a)  is  identical  for 
all  interferograms.  This  will  have  to  be  tested  in 
actual  practice.  Of  particular  interest  are  the  cases 
where  i>{a) sO;  these  will  be  discussed  in  Section  39-5. 
For  these  cases,  <t>(a)  can  be  obtained  by  the  well- 
known  methods  of  Comics3  and  Forman,  Steel,  and 
Vamvsse;12  however,  this  determination  of  4>{a)  is 
arbitrary  to  within  an  additive  term  2war,  which  de¬ 
pends  on  the  choice  of  the  origin  of  the  interferogram. 
If  the  same  origin  is  taken  for  all  interferograms,  this 
additional  term  will  be  identical  for  all  of  them. 


S(ar)  * B(ar)  exp  {t'7(or)}  <-S*(-<rr),  (39-20) 


Now,  any  interferogram  will  give  the  two  functions 
p(a)  and  \f/(a)+<t>(ff)+2war;  and  since  <f>(a)+2iraT  is 
known,  it  is  possible  to  obtain  $(a),  the  phase  term 
introduced  by  the  polarizers.  The  quantities  p(<r)  and 
ip(a),  in  turn,  yield  a2(a)  and  a3(a)  according  to 
Eq.  (39-11).  Then,  from  Eq.  (39-10),  it  is  seen  that 
there  are  two  relations  in  the  four  unknown  Stokes 
parameters.  Hence,  in  addition  to  the  interferogram 
yielding  <p(a),  it  is  necessary  to  have  two  other  inde¬ 
pendent  interferograms  for  deriving  all  the  four  Stokes 
parameters. 

39-5  PROPOSED  INTERFEROMETRIC  ARRANGEMENTS 

Although  the  polarizers  P\  and  P2  can  be  chosen 
in  an  arbitrary  manner,  the  present  discussion  will 
be  limited  to  the  cases  where  (Pi  and  <P2  are  equivalent 
to  perfect  linear  polarizers. 

The  Jones  representation  for  a  perfect  linear  polar¬ 
izer  making  an  angle  0  with  the  x  axis  is  given  by  the 
real  matrix 


for  At,  and 


P(<r)  =  -^-  im-Q(a)}  for  A2. 


Hence,  both  interferograms  give  <t>(a)  and  the  two 
together  yield  7(<r)  and  Q(i r).  In  the  third  case  A3, 


a2(<r)=^^  U(a) 


and 


m 


< 


cos2  0 
cos  0  sin  0 


cos  0  sin  6\ 
sin 2  6  )' 


(39-22) 


H»)  i 


where  /=/.,  (i'  =  1,  2,  3),  are  the  transmission  factors. 
Then,  putting  0  =  0,  and  carrying  out  the  computa¬ 
tions  represented  by  Eqs.  (39-8)  to  (39-10),  it  is  found 
that  si(ff)  =  s2(<r)=p3(<r)=g3(<r)  =  r3(<r)=0  in  Eq. 
(39-10).  Hence  a3(<r)  is  a  function  of  V'(ct)  alone  and 
a2(a)  contains  1(a),  Q(a),  and  V(a)  only;  in  other 
words,  T(<r)  gets  separated  from  the  other  three  Stokes 
parameters.  Consequently,  no  two  settings  of  (Pi  and 
(P2  are  completely  independent  of  each  other.  Any 
one  setting  gives  an  interferogram  which  by  the 
Fourier  spectroscopic  method  yields  l’(<r)  nnd  a  linear 
relation  between  the  remaining  three  Stokes  param¬ 
eters.  Hence,  three  interferograms  would  be  needed 
to  get  complete  information  about  the  intensity  and 
state  of  polarization  of  the  incident  light.  It  is  possible, 
however,  to  use  one  of  them  for  obtaining  j(a)  by  a 
proper  choice  of  0i  and  02,  thus  obviating  the  necessity 
of  recording  a  separate  interferogram  for  that  purpose. 

Table  39-1  shows  three  simple  arrangements: 
.li((Pi-x,  (P2»x,  (P3«s),  .‘t2((Pi -i/,  <?a*y,  (P3*»*), 
and  .13(<P|  -x,  <P3**«),  where x,  y,  and  z  stand 

for  linear  polarizers  with  0«O°,  90°,  and  43°,  respec¬ 
tively.  It  seen  that  in  cases  .l|  and  .t2,  a3(a‘)  “0 
and  a2(«r);_ 0,  which  makes  +(a)&0  and  p(a)-at(a), 
with 


p(«r)-^-[/(<r)-M?(<r)| 


therefore,  the  Fourier  analysis  of  this  interferogram 
gives  these  other  two  Stokes  parameters.  A  test  of 
the  stability  of  the  instrument  can  be  made  by  record¬ 
ing  the  interferograms  in  the  order  A  lf  A3,  A  a  and  by 
verifying  that  <t>(a)  is  not  altered  between  the  first  and 
the  last  setting. 

39-4  CONCLUSIONS 

The  usual  Fourier  spectroscopic  method  is  based 
on  the  property  that  when  no  polarizers  are  introduced 
in  the  interferometer,  the  intensity  of  radiation  of 
wavenumber  a  at  path  difference  t  is  given  by 
IT(a)  -  (/i*+/3a+2/i/j  cos  4) /(c),  which  canbeeasily 
obtained  by  adding  the  intensities  for  cases  A  i  and  A% 
and  multiplying  by  (2 //3*)  to  remove  the  effect  of  the 
analyser.  This  is  but  one  possibility,  however,  which 
has  been  utilised  for  obtaining  high-resolution  spectra 
by  using  the  Fourier  transformation.  This  paper  has 
demonstrated  the  full  capability  of  the  interferometric 
technique  in  the  measurement  of  both  the  intensity 
and  state  of  polarisation  within  any  given  spectral 
band.  It  is  hoped  that  this  theoretical  discussion  will 
stimulate  the  workers  in  the  field  to  build  suitable 
instruments  for  this  purpose. 

It  may  be  pointed  out  that  the  instrumental  im¬ 
perfections  such  os  imperfect  polarizers,  dependence 
of  their  performance  on  wavelength,  effect  of  beam 
splitter,  and  so  forth,  have,  in  principle,  been  taken 
into  account  in  this  discussion.  It  should  not  be  im¬ 
possible,  in  practice,  to  take  care  of  these  factors 


Table  39-1.  Interferometric  Arrangements  With  Linear  Polarizers 
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because  what  is  involved  is  the  in  situ  determination 
of  <P ,(<r)  by  a  proper  method  of  calibration.  The  usual 
limitations  about  the  source  size,  bandwidth,  fre¬ 
quency  of  sampling,  and  so  forth,  also  apply  in  these 
polarization  measurements. 

Finally,  it  should  be  mentioned  that  the  proposed 
method  relies  heavily  oti  the  deliberate  introduction 
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Q.  (James  L.  Lauer,  Sun  Oil  Co.):  How  sensitive 
is  your  method  to  determine  status  of  polarization, 
especially  when  you  have  no  prior  knowledge? 

A.  (A.  Fvmat,  Jet  Propulsion  Laboratory):  If  the 
residual  polarization  introduced  by  the  beam  splitter 
is  properly  compensated  for,  for  example  by  an  in-situ 
calibration,  then  the  sensitivity  of  the  method  is  essen¬ 
tially  that  of  the  more  conventional  Fourier  spectro¬ 
scopy,  for  spectra  I  energy  distribution.  In  conventional 
polarimeters  (compare  works  of  Sekera,  Dollfus, 
(lehrels),  degrees  of  linear  polarization  of  about 
0.001  percent  are  obtained  Because  of  the  several 
advantages  of  Fourier  spectroscopy,  a  similar  sensi¬ 
tivity  can  at  least  be  expected,  with  the  additional 


of  a  large  asymmetry  in  the  interferogram.  Firstly, 
this  requires  recording  the  interferograms  on  both 
sides  of  the  origin.  Secondly,  the  process  of  informa¬ 
tion  retrieval  which  necessitates  the  use  of  exponential 
transforms  is  known  to  be  nonlinear.  However,  this 
nonlinearity  will  be  of  real  consequence  only  when  the 
signal-to-noise  ratio  is  small. 
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Discussion 


advantages  of  high  resolution  (possible  resolution  of 
line  profiles)  and  wide  spectral  range. 

In  the  case  of  the  atmospheres  of  the  major  planets, 
theoretical  computations  for  a  semi-infinite  Rayleigh 
scattering  model  show  that  degrees  of  polarization  of 
80  to  90  percent  in  the  core  to  about  50  percent  in  the 
vings  of  very  weak,  weak,  strong,  and  very  strong 
lines  are  obtained.  With  the  high  resolution 
(~5X10“3  cm”1)  now  made  possible  by  the  work  of 
the  Connes,  such  lines  can  be  resolved  and  the  method 
proposed  here  can  doubtless  measure  this  polarization. 
I  am  mentioning  this  example  not  as  an  answer  to 
your  question,  but  os  an  illustration  of  the  type  of 
phenomena  I  am  interested  in,  and  which  ore  responsi¬ 
ble  for  the  conception  of  the  method. 
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Abstract 


The  formalism  and  relevance  to  Fourier  spectroscopy  of  the  discipline  of  sta¬ 
tistical  spectral  analysis  of  time  series  is  outlined.  Four  aspects  of  the  symphysis 
of  the  two  disciplines  are  discussed:  (1)  statistical  estimation  of  stochastic  spectra, 
(2)  coherence  theory,  (3)  modelling  by  linear  systems,  and  (4)  the  relationship  of 
apodization  to  smoothing  and  spectral  window  carpentry. 


40-1  INTRODUCTION 

Fourier  transform  spectroscopy  (FTS)  has  ex¬ 
perienced  an  incredible  evolution  in  the  past  decade, 
experimentally,  theoretically,  and  computationally. 
As  with  most  evolutionary  processes,  Fourier  spectros¬ 
copy  has  developed  in  a  natural  way,  within  the 
environment  of  its  parent;  in  this  case,  predominantly 
within  the  consanguinity  of  optica)  physics.  Further  • 
more,  it  is  natural  for  related  disciplines  to  develop 
much  like  fraternal  twins,  that  is,  in  parallel,  but  quite 
independently  of  each  other.  For  example,  Fourier 
spectroscopy  has  much  in  common  with  x-ray 
diffraction,  both  having  optical  origins.  There  are. 
however,  features  of  the  respective  data  analysis 
formalisms  that  are  so  strikingly  similar  that  r:.. 
warrants  the  attention  of  the  other. 

Hence,  as  filiation  is  socially  (if  not  scientifically 
and  legally)  acceptable  when  the  parentage  is  ad¬ 
mitted,  the  writer  would  like  to  direct  attention  to 


time  series  analysis  (TSA)  and  the  role  that  it  plays. 
It  is  hoped  that  the  genetic  advantages  to  Fourier 
spectroscopy  accruing  from  time  series  analysis  will 
become  evident  throughout  the  adolescence  of  Fourier 
spectroscopy. 

This  chapter  is  not  intended  to  be  an  exposition 
of  the  formalism  and  merits  of  time  series  analysis 
and  yet  it  must  be  this  in  part  in  order  to  show  that 
time  series  analysis  provides  a  gcnernlixntkm  ol  the 
analytic  and  data  analysis  formalism  of  Fourier 
spectroscopy.  The  propinquity  to  transform  spectros¬ 
copy  of  a  specific  diffraction  application,  diffraction 
by  liquids,  is  briefly  discussed  in  Appendix  40-A. 

Time  series  analysis  is  a  somewhat  little-known 
subdiscipline  of  mathematical  statistics  because,  like 
Fourier  transform  s|»eetroscopy,  it  has  been  developed 
princi|>ally  within  the  past  fifteen  years.  Perhaps  the 
applications  of  time  series  analysis  to  radar  signal 
detection,  seismic  signal  detection,  and  signal  detec¬ 
tion  and  analysis  within  biomedical  engineering 
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(electroencephalographic  and  electrocardiographic 
signals)  have  been  largely  responsible  for  its  rapid 
maturation.  It  is  significant  that  it  was  within  the 
computational  context  of  time  series  analysis  that  the 
(lower  and  «-x|>ediency  of  the  fast  Fourier  transform 
(ITT)  was  rediscovered. 1  The  use  of  one  of  the  class 
of  fast  Fourier  transformation  algorithms  is  becoming, 
and  should  be,  central  to  any  sensible  computation  of 
a  (Fourier)  spectrum.  The  original  suggestion  of  the 
use  of  the  factorization  property  of  discrete  Fourier 
coefficients2  was  in  the  context  of  an  x-ray  diffraction 
(diffraction  by  liquids),  the  formalism  of  which  is 
surprisingly  similar  (the  differences  amounting  to  a 
change  of  variables,  physical  significance,  and  some 
other  trivial  differences)  to  Fourier  transform  spec¬ 
troscopy.3  It  is  perhaps  worth  noting  that  transform 
spectroscopy  is  now  considerably  ahead  of  x-ray 
diffraction  in  recognizing  the  utility  of  Fourier  trans¬ 
formation  a  la  fast  Fourier  transform.  However,  the 
next  decade  must  see  widespread  use  of  fast  trans¬ 
formation  techniques  not  only  in  the  x-ray  diffraction 
field  but  in  all  applied  Fourier  analysis  disciplines. 

40-2  STATISTICAL  SPECTRAL  ANALYSIS  OF  TIME 
SERIES 

40-2.1  Definition  of  a  Tim*  Series 

A  time  series  is  defined  operationally  as  a  set  of 
observations  arranged  in  chronological  order.  “Time* 
is  a  somewhat  unfortunate  adjective,  inasmuch  as 
time  need  not  be  the  independent  variable.  For 
example,  space,  field,  or  angle  may  just  as  well  be  the 
independent  variable.  In  such  instances,  this  paper 
refers  to  spatial  time  series,  whereas,  if  time  is  the 
independent  variable,  it  refers  to  temporal  time  series. 
It  is  convenient  to  restrict  discussion  to  the  temporal 
time  series.  Observations  may  be  made  or  recorded 
for  a  set  of  time  (mints  T.  A  specific  measurement  at 
a  time  I  is  XU).  A  time  series  is  then  the  set  of  all 
observations  |.Y(I),  t  e  7*). 

A  statistical  analysis  of  a  time  series  is  predicated 
upon  associating,  a  specific  observation  .Y(f)  with  a 
random  variable.4  such  that  a  set  of  observations 
|.Y(f).  I  €  7*J  or  a  time  series,  is  an  observation  of  a 
stochastic  process  or  ensemble  of  such  observation*. 
A  time  series  is.  in  this  context,  considered  to  be  an 
ordered  set  of  random  variable*,  a  given  set  being  a 
realization  of  a  stochastic  process  or  an  ensemble  of 
such  sets  of  random  variables. 

Further,  the  sets  of  all  possible  time  variables  7* 
haw  no  restrictions  placed  on  them,  but  conwnient 
cases  are  provided  if  T  is  a  finite  direnie  set  or  a  finite 
continuous  set;  7*«|(J.  ±1.  ±2 . ,Y|  or 


r-io*f£.vj. 


The  advantage  of  the  statistical  approach  to  Ihe 
analysis  of  time  series  is  that,  as  in  statistical  me¬ 
chanics,  the  p,.  ’wrliesof  time  series,  like  observations 
of  thermodynamic  variable*,  are  expressible  a* 


averages  over  an  ensemble  of  possible  observations. 
The  object  of  a  statistical  analysis  of  time  series  is  to 
ascertain  the  asymptotic  (statistical)  properties  of  a 
time  series  horn  a  single  observation  or  realization  of 
the  stochastic  process. 

40-2.2  A  Model  for  a  Time  Series 

As  a  time  series  refers  to  a  particular  set  of  mea¬ 
surements,  or  obs  .  vations  of  these,  it  is  of  interest  to 
understand  how  a  set  of  observations  is  generated  by  a 
specific  process,  that  is,  its  mechanism.  Furthermore, 
it  is  of  interest  to  be  able  to  employ  the  predictive 
power  of  the  mechanism  to  fc  recast  future  time  series 
behavior.  Both  of  these  aims  are  satisfied  by  syn¬ 
thesizing  a  model  for  a  time  series. 

Of  most  use  to  Fourier  spectroscopy  is  the  class  of 
nonparametric  physical  (rather  than  empirical)  models 
for  which  a  given  time  series  is  characterised  by  its 
autocorrelation  function  or  its  spectrum.  Spectral 
analysis  is  a  nonparametric  approach.  It  is  often 
quite  convenient,  however,  to  represent  a  physical 
situation  by  a  linear  system  and  then  to  perform  a 
spectral  analysis  on'  the  input  and  output  of  this 
system.  Such  an  approach  is  a  combination  of  a 
modelling  and  a  spectral  analysis,  „!.ich  will  be  dis¬ 
cussed  in  more  detail  in  the  next  sections. 

40-2.3  Statistical  Spectral  Analysis 

40-2.3.1  DEFINITION  OF  THE  SPECTRUM 

Statistical  spectral  analysis  is  an  elucidation  of  the 
frequency  components  of  an  observed  time  series. 
Panen*  has  suggested  that  a  spectral  analysis  consist 
of  three  distinct  aspects;  (1)  a  careful  definition  of  the 
spectrum  of  a  specific  stochastic  process,  (2)  compu¬ 
tation  of  the  spectrum  by  essentially  one  of  four 
methods:  filtering,  construction  of  a  smoothed  period- 
ogram,  covariance  averaging,  or  autoregression,  and 
(3)  interpretation  of  the  spectrum,  including  estima¬ 
tion  of  the  spectral  density.  The  subsequent  con¬ 
densation  of  the  elements  of  spectral  analysis  follows 
Parien.*  where  the  reader  can  find  further  details. 

An  observed  time  series  is  neither  periodic  nor 
square-summable.  so  a  standard  deterministic  har¬ 
monic  analysis  or  inversion  cannot  be  carried  out.  A 
generalized  harmonic  analyst*  is,  however,  possible 
for  a  random  variable  XU)  if  there  exists  an  asymp¬ 
totic  correlation  function  of  X(l).  p(u), 


p(«)  *  Urn  pr(«),  (40-1) 


where  Uw  sample  correlation  function  pr( a)  i* 


pr<*)-#r(*)?tfr(0),  «-0,  *1. ...  (40-2) 
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and  Rt  (u)  is  the  sample  convolution  function, 


u=0,  ±1,... 

i  i-i 

(40-3) 

The  spectrum  of  a  stochastic  process  is  defined  in 
terms  of  a  sample  spectral  density  function, 


(40-1) 


A  normalised  sample  spectral  density  is  then  defined 
by 


7r(<*>) "  /r(w)/Sr( 0).  (40-5) 


Moreover  the  normalised  sample  spectral  density 
7r(w)  is  just  related  to  the  sample  correlation  function 
PrM  by 


7r(w)«=-  £  exp  (-tun)pr(u),  (4045) 
~T  i«i  <r 


and 


Pr(*)m  1*  exp  (um)7r(w)  (40-7) 


Finally,  the  normalised  spectral  density  function 
7<w)  is  related  to  the  asymptotic  correlation  function. 


p(«)«  f*  exp  (imw)7(w)  d«,  (40-8) 


Filtered  spectra  are  introduced  in  terms  of  the 
sample  spectra  in  order  to  effect  an  estimate  of  the 
asymptotic  functions.  A  filtered  sample  spectral 
density  function  /£(<•>)  is  defined  in  terms  of  the 
estimate  p?(u)  where  p|(«)  =  Ar(u)pr(u),  and  the 
weighting  function  kT(u)  has  the  property  that 


lim  kr(u)  =  l. 

T—x 


The  Fourier  transform  of  p*(u)  is /?(«). 


/?(«)=--  £  exp  (-iuu)p*(it) 
im<r 

=  --  X  exp(— i'mwMyWpHw)-  (40-9) 
^x‘im<r 


Therefore, 


Pr<")mJW  exp  (iuX)/r(X)  rfX  (40-10) 


and 


/r(w)  ■  J  /riX)A*r(w— X)  dX,  (40-11) 


where  the  spectral  window  A'r(w)  is 


A*r(w)«  *  £  exp  (-ttfwU-r(ir).  (40-12) 

;•  *T 


Tims,  the  spertrum  of  a  stochastic  process  m 
defined  only  in  tl»e  asymptotic  limit.  T—*x.  The 
sample  spectral  density  and  sample  eortrialioti  func¬ 
tions  are  estimates  of  the  asymptotic  functions.  The 
filtered  spretm  for  various  spectral  windows  all 
estimate  the  asymptotic  spectra  as  a  sjwTtrnl  average 
according  to  various  criteria. 


3SS 


40  2.4.2  CO.MH'TA'I  IOX  OF  TIIK 
Sl’KCTIU’M 

*  )ne  of  tlit*  central  tasks  of  time  series  analysis  is  to 
obtain  the  best  estimate  vin  the  statistical  sense)  of 
the  theoretical  spectrum.  The  best  estimate  is  one 
for  which  the  estimator  has  minimum  bias  and 
minimum  variance.  The  sample  spectral  density, 
/T(«),  is  asymptotically  an  unbiased,  but  not  con¬ 
sistent,  estimator  of  the  theoretical  spectral  density. 
A  consistent  estimator  is  obtained  by  a  spectral 
averaging  either  through  filtering  or  by  smoothing. 
Covariance  averaging"  as  a  means  for  obtaining  a 
consistent  spectra!  estimator  will  be  discussed. 

(liven  a  time  series,  by  observation  of  a  stochastic 
process,  A'((),  (  =  1,  2.  .  .  ,  T,  the  record  length  is 
easily  enlarged  by  adding  zeros  to  the  end  of  the 
series  so  that  the  sample  contains  2"  data  points. 
The  sample  spectrum  can  then  be  obtained  through 
list1  of  the  fast  Fourier  transform  algorithm. 


'Flic  sample  correlations  are  then  just  normalized 
covariances 


Pt(u)  =  RT(u)/Ih(0).  (40-17) 


Moreover,  a  filtered  sample  spectral  density  can  be 
obtained  fum  the  Iiriu)  by  further  fast  Fourier 
transformation, 

(40-18) 


(k  =  0,  1, .  . .  ,  A’— 1)  (  ,) 


The  filtered  normalized  sample  spectral  density  for 
k  =0,  1, . . . ,  Q,  is  then  just: 


It  (k  — )  =fr  (k  ~)/Rt(0).  (40-19) 

The  rudimentary  sample  spectral  density  (period 
yram)  is  just  the  square  of  the  result, 


It 


(*y)-sfN*y) 


(40-14) 


The  method  of  computing  the  spectrum  via 
covariances,  while  extensively  used  in  an  earlier  era, 
is  perhaps  still  the  best  method  if  the  fast  Fouiier 
transform  algorithm  is  used  to  transform  the  periodo- 
gram  fr-5  The  route  to  the  covariance  average  /* 
via  the  fast  Fourier  transform  is  thus 


and  the  filtered  or  smoothed  periodogram  is  a  spectral 
average  of  fr'. 


Sr 


(40-15) 


On  the  other  hand,  given  fr  as  above,  it  can  bo 
fast  Fourier  trail  donned  to  obtain  the  sample  co- 

variance,  /f •/•(»),  dt  fined  for  !t  =  0,  1 . 1/,  where  .1/ 

is  the  truncation  point  of  the  record, 


fr  (k  r(«H/r  (k  yj)  •  (40-20) 

In  going  from  /??  («)  to  /*  yc  the  Ht(u)  are 

averaged  over  a  lag  window  of  covariance  averaging 

kernel  k  which  depends  on  the  truncation  point 

.1  f <T.  Several  varieties  of  covariance  averaging 

kernels  have  been  advocated  from  time  to  time. 

The  Bartlett  window  (covariance  averaging  kernel) 
is 


Rr(n)=~1i  £  exp 

v  /■-<> 


K')4c) 


(40-10) 


kn(u)  =  1  —  |mJ. 


(40-21) 
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The  Tukey  kernel  is 


A'7-(u)  =  $(l+cosiru)  |u|<l 

=  0.  |t*j  >1  (40-22) 


Perhaps  the  central  construct  of  coherence  theory8 
the  mutual  coherence  function  r,;(r)  which  is 
defined  as  an  ensemble  average  of  the  analytic  signal 
V(r,  /), 


I'(r„  r„  t)  =  r„(r)  =  (Y*(r„  /,)(!>„  (,)).  (40-2:,) 


% 


* 


* 


The  Parzen  window  is: 


Ap(u)  =  l— 6w2+6|?/i3  |uj<0.5 

=  2(1  — 1«|)3  0.5<iu|<1.0 

=  0.  |«|>1  (40-23) 


A  modified  Parzen  window  (Parzen  II)  is 


*«/(*)  =  (l+Gu2)M«)-  (40-24) 


The  criterion  for  choosing  between  various  covari¬ 
ance  averaging  kernels  is  a  design  procedure  known  as 
window  carpentry.  The  interested  reader  is  referred 
to  an  excellent  discussion  of  this  procedure  by  Jenkins 
and  Watts.1’ 

Akaike  has  recently  suggested  a  criterion  for  low- 
pass  filter  design  which  incorporates  a  large  variety  of 
covariance  kernels.7 

40-3  COHERENCE  THEORY 

40-3.1  Definition  of  the  Spectrum 

Inasmuch  as  Fourier  spectroscopy  derives  from 
optical  interferometry,  and  as  it  is  clear  that  optical 
coherence  phenomena  are  manifestations  of  correla¬ 
tions  between  fluctuations  in  the  electromagnetic 
field  of  a  beam  of  light,  it  is  clear  that  coherence 
theory,  the  statistical  theory  of  optics,  must  be  able 
to  accommodate  the  basically  stochastic  phenomenon 
which  is  the  subject  matter  of  the  Aspen  conference 
and  of  this  chapter. 

To  establish  the  major  premise  further,  therefore, 
let  us  say  this  in  other  words.  The  wave  function 
appropriate  to  the  electromagnetic  field  of  a  beam  of 
light  is  a  stochastic  quantity  and  the  individual 
amplitudes  of  light  waves  are  realizations  of  an 
ensemble  of  such  amplitudes.  Thus,  an  electro¬ 
magnetic  waveform  is  a  time  series. 


l’(r,  0  is  averaged  over  all  realizations  of  the  electro¬ 
magnetic  field,  and  thus  Pu(r)  is  an  ensemble-averaged 
space-time  field  correlation  function.910  i'or  a 
stationary  stochastic  process  it  is  possible  to  explicitly 
show  the  averaging  process  by 

r(fi,  r2,  t)=  iim  -1=  I  T'Vj,  Ol’fo,  f+r)  ^ 

T~x  -1  J-T 

(40-20) 

ru(r),  being  a  correlation  function,  is  either  a  cross¬ 
correlation  function  or  an  autocorrelation  function 
according  to  whether  i^j  or  ?=./,  respectively; 
additionally,  r„(r)  is  itself  an  analytic  signal.  The 
analytic  signal  F(r,  <)  is,  however,  the  manifestation 
of  the  stochastic  process,  and  it  is  therefore  a  time 
series  (either  as  a  single  value  or  as  a  digitized  or 
analog  record). 

The  expression  T(r,  r),  as  defined  in  the  asymptotic 
limit,  is  a  theoretical  quantity  (a  theoretical  correla- 
t  ion  function)  or  in  time  series  language,  an  asymptotic 
correlation  function  of  the  random  variable  l'(r,  I). 

The  coherence  theory  literature1 1  amply  documents 
the  correct  definition  of  the  light  spectrum.  That  is, 
due  to  the  Wiener-Khinchine  theorem,  the  (power) 
spectrum  (,’=./)  or  so-called  mutual  spectral  density 
(fVj)  of  light  at  two  field  points  is 


H'(r„  rj,  v)  =  f*  r(r,-,  rj,  r)  exp  (2 jtiVt)  dr.  (40-27) 


Implicit  is  the  definition  of  the  spectrum  in  the 
asymptotic  limit  T—*x .  Let  us  refer  in  this  limit  to 
the  Fourier  transform  of  the  mutual  coherence 
function  as  the  asymptotic  spectrum. 

40-3.2  Estimation  of  the  Mutual  Coherence  Funct.on 

The  central  point  is  this.  While  due  obeisatree  is 
paid  to  the  basic  stoehasticity  of  optical  coherence 
phenomena  and  while,  indeed,  the  "light  spectrum”  is 
correctly  defined  in  the  sense  of  a  generalized  harmonic 
analysis,  the  operational  consequences  of  the  sto- 


cluLsticity  are  virtually  ignored  in  the  literature.  For 
the  problem  is  not  merely  one  of  transforming  the 
mutual  coherence  function  but,  rather,  of  obtaining 
the  best  estimate  (in  the  statistical  sense)  of  both  the 
mutual  coherence  function  and  the  asymptotic 
spectrum,  inasmuch  as  both  are  only  defined  in  a 
limiting  sense  and  are  experimentally  inaccessible. 
That  which  is  obtained  experimentally  is  a  realization 
of  the  stochastic  process,  however,  and  is  itself  an 
estimate  of  the  mutual  coherence  function. 

The  quintessence  of  a  statistical  spectral  analysis  of 
a  time  series  is,  as  mentioned  in  Section  40-2.3.2,  the 
achievement  of  a  consistent  spectral  estimator.  The 
fact  has  also  been  mentioned  that  by  the  method  of 
covariance  averaging,  using  the  fast  Fourier  trans¬ 
form.  such  a  consistent  estimator  of  the  theoretical 
(asymptotic)  spectral  density  can  be  obtained. 

To  put  the  argument  in  time  series  language,  the 
mutual  coherence  function  (for  i=j)  plays  the  role  of 
a  theoretical  autocovariance  function,  the  Fourier 
transform  of  which  defines  the  spectrum,  which  is  the 
limit  of  the  first  moment  of  the  sample  spectrum 
estimator  C{v).  That  is, 


r„  v )  =  lim  £(C(r„  r,-,  F)] 
r— » 

=  f*  r(r,-,  r,-,  t)  exp  (— 2mvt)  dt.  (40-28) 
J  —  » 


Further,  by  the  Wiener-Khinchinc  theorem 


r(r,-,  rf,  r)  =  f*  TF(r,,  r„  v)  exp  (2irivt)  dv.  (40-29) 


For  finite  T,  however, 


E[C(r,  i ')}  =  f  T  r(r>  0  1  ~f  exp  (-27 vivt)  dt. 


Thus  E[C(r,  ?)]  is  biased  for  finite  T  but  is  an 
asymptotically  unbiased  estimator  as  the  record  length 
T  tends  to  infinity.  It  can  be  shown,  however,  that 
the  biased  estimator  has  the  smallest  mean  square 
error.  *’ 

40-4  MODELLING  BY  LINEAR  SYSTEM5  V 

i 

40-4.1  Linear  Stochastic  Filtering 

Let  us  refer  to  a  full  or  a  complete  time  series 
analysis  as  one  which  includes  a  statistical  spectral 
analysis  in  conjunction  with  a  modelling  of  the  under¬ 


lying  stochastic  process  by  a  linear  system.  Of  course, 
recent  advances  have  been  made  in  nonlinear  filtering, 
but  that  subject  will  be  neglected  here. 

Classical  filtering  theory  calls  for  either  the 
determination  of  the  output  of  a  linear  system  (filter) 
given  the  input  and  the  response  function  of  the  filter, 
or  an  analysis  of  the  system  v;iven  the  input  and  out¬ 
put  of  observations. 

However,  a  standard  (deterministic)  harmonic 
analysis  and  inversion  employing  a  given  filter 
spectral  response  function  is,  of  course,  not  applicable 
to  stochastic  processes.  The  generalization  is  provided 
by  a  linear  stochastic  filtering.  This  problem  was 
classically  handled  by  Wiener  but  his  method  has 
since  been  somewhat  superseded  by  use  of  the  so- 
called  Kalman-Bucy  filter,  which  involves  a  solution, 
not  of  the  Wiener-Hopf  equation,  but  of  the  Ricalti 
equation. 12,1 3,14  The  Kalman-Bucy  technique  in¬ 
volves  characterizing  a  stochastic  process  in  terms  of 
a  Markov  process  rather  than  through  a  covariance 
function,  and  the  corresponding  optimal  filter  involves 
a  solution  of  a  set  of  differential  equations  rather  than 
the  determination  of  an  impulse  response  function. 
Despite  several  successes  achieved  by  the  Kalman- 
Bucy  technique  (and  the  equivalence  of  the  results 
for  the  linear  theory)  the  Wiener-type  spectral 
methods  are,  perhaps,  more  easily  visualized,  because 
they  are  more  algebraic.  Furthermore,  the  computa¬ 
tion  of  covariance  averages  using  the  fast  Fourier 
transform  should  swing  the  pendulum  of  fashion  back 
somewhat  toward  the  covariance  approach. 

It  is  in  terms  of  a  linear  time-invariant  (stochastic) 
filter  that  the  complete  generality  of  the  notion  of  a 
stochastic  spectrum  can  best  be  appraised.5  The 
writer’s  viewpoint  is  that  Fourier  spectroscopy  and, 
for  example,  liquid  diffraction  can  be  considered  to  be 
special  cases  of  linear  stochastic  filtering  coupled  with 
spectral  analysis  of  the  physical  time  series  embedded 
within  the  respective  disciplines. 

The  literature  amply  documents  the  treatment  of 
an  interferometer  as  a  linear  system15,10  with  a 
concomitant  determination  of  the  impulse  response  of 
the  interferometer.  The  point  here  is  simply  to  suggest 
that  any  linear  system  modelling  should  involve  a 
linear  stochastic  filtering  for  reasons  specified  in 
Sections  40-2  and  40-3. 

For  linear  stochastic  systems  the  output  auto¬ 
correlations  can  be  written  in  terms  of  input  auto¬ 
correlations  through  the  use  of  stochastic  Green’s 
functions.  Section  40-5  shows  the  relationship  of  such 
general  stochastic  kernels  to  the  apodization  functions 
of  Fourier  spectroscopy. 

40-5  STOCHASTIC  GREEN'S  FUNCTIONS 
AND  APODIZATION 

40-5.1  The  Spectral  Density  Green's  Function 

The  author  would  like  to  discuss  what  he  believes 
to  be  the  generalization  of  apodization  in  Fourier 
spectroscopy  in  terms  of  time  series  analysis,  namely, 
that  apodization  is  a  special  case  of  window  carpentry 
modulo  time  series  analysis. 
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The  impulse  response  function,  which  has  been 
referred  to,  and  which  characterizes  a  linear  system 
is,  of  course,  known  in  Fourier  spectroscopy  as  a 
scanning  function.  A  linear  system  influences  or 
modifies  an  input  by  broadening,  smearing,  spreading, 
or  attenuating  it.  Thus,  the  ubiquitous  system 
response  function  is  called,  in  diffraction  theory,  the 
modification  function  (frequency  domain),  and  peak 
shape  function  (time  domain).  It  is  also  called 
variously  in  other  disciplines,  the  apparatus  or 
instrument  function,  spread  function,  and  slit  func¬ 
tion.  In  spectral  analysis  one  refers  to  lag  or  data 
(time  domain)  windows  and  spectral  (frequency 
domain)  windows. 

Apodization,  the  process  by  which  the  shape  of  a 
scanning  function  is  adjusted  so  as  to  attenuate  the 
side  lobes,  is,  in  time  series  language,  the  process  of 
designing  a  lag  window  or  covariance  averaging  kernel 
so  as  to  increase  its  focusing  power. 

Let  us  consider  Fourier  spectroscopy  to  be  a 
specific  physical  model  of  a  stochastic  process  (see 
Section  40-3  for  the  nature  of  the  stochasticity)  such 
that  by  means  of  a  linear  stochastic  filtering,  a 
stochastic  spectrum  (asymptotic  spectral  density  as 
characterized  in  Section  40-2)  is  obtained.  Then,  the 
general  form  of  the  resulting  spectral  density  can  be 
considered  to  be  the  result  of  filtering  by  a  stochastic 
kernel  or  stochastic  Green’s  function. 

The  basic  idea  is  that  instead  of  solving  for  y  as  a 
function  of  x  (using  standard  differential  operator 
notation3)  in 


Ly=x(t),  ,  '  (40-30) 


in  terms  of  a  Green’s  function  G(t,  r),  the  problem  is 
one  of  solving  for  a  spectral  density  4>„,  in  terms  of  an 
input  function  <t>z,  and  a  stochastic  Green’s  function, 
K(t,r), 


A4>w=$,(f).  (40-31) 


If  H  is  some  linear  operation  on  an  input  process 
x,  one  may  consider  H  to  be  an  ensemble  containing 
operations  each  of  which  has  associated  with  it  a 
Green’s  function  /*,-(<,  r),  representing  the  response  of 
//,  to  a  unit  impulse  5(1— t),  at  time  r.18  Thus,  the 
response  of  //,-  to  an  input  x(t)  is 


HMt)  =  fx  hi(t,  t)x(t)  dr.  (40-32) 

J — 00 


The  general  result  can  be  written  operationally  as 


4>//x  =  A’//  •  $x,  (40-33) 


or, 


***(/)=/*  d$Kir(s, f)$z(s),  (40-34) 

J — X 


where  the  stochastic  Green’s  function  A'//  is 


KH(s,f)=  [x  dr,  I"  dr 2  f"  dr 

J  — oo  J  — X  J  — X 

exp  (2 Trirf)  exp  (— 27rc(r2— r,)s) 

X(A(<;r1)fe*(«+r;r2)).  (40-35) 

As  a  stochastic  Green’s  function  depends  on  the 
statistical  measure,  the  Green’s  function  Ktl  is  a 
spectral  density  Green’s  function.  Thus,  if  the 
measure  is  the  spectrum  4>,  then 


*y(f)  =  fK(s,f  )*,(*)  ds,  (40-36) 


whereas,  if  the  measure  is  the  autocorrelation  R, 


Ry(fi)  =  j  GO 3,  «r)  Rx  (a)  rfcr.  (40-37) 


Hence,  in  terms  of  a  general  statistical  measure  y, 


M0/)  =  j K(i'.  x)  dn{x).  (40-33) 


The  general  kernel  K(\j,  x)  is  said  to  map  from  the 
space  of  x  to  the  space  of  y  and  depends  on  the 
specific  measure  p,  chosen  to  characterize  the  random 
variable  y. 
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As  far  as  Fourier  spectroscopy  is  concerned,  one  is 
interested  in  estimating  the  spectral  density,  given  the 
interferogram  which  is  itself  an  experimental  estimate 
of  the  asymptotic  autocovariance  function.  An 
estimation  of  the  spectral  density  is  predicated  upon 
a  mapping  from  the  space  of  Bx(s)  to  the  space  By{<r), 
where  Bx(s)  is  the  (power)  spectral  density  of  the 
analytic  signal  F(r,  t).  Implicit  is  the  specific  choice 
of  the  spectral  density  measure  by  means  of  which  a 
stochastic  (spectral  density)  Green’s  function  effects 
the  mapping.  This  heuristic  analysis  is  thus  a 
generalization  of  the  following  equations10  in  Fourier 
spectroscopy  and  in  conventional  spectroscopy,  re¬ 
spectively  : 


B'(a)  =  A{o)*¥(a)  (40-39) 


and 


5»=S(<r)*Blcr).  (40-40) 


40-5.2  Window  Carpentry  vs  Apodization 

The  impossibility  of  realizing  experimentally  a 
theoretical  sample  spectral  density  or  sample  auto¬ 
covariance  function,  let  alone  the  asymptotic  func¬ 
tions  referred  to  in  Section  40-2,  is  not  unique  to 
Fourier  spectroscopy.  In  Fourier  spectroscopy,  of 
course,  a  truncated  interferogram  is  all  that  is  ever 
realized.  Furthermore,  the  interferogram  must  be 
sampled  in  order  to  compute  a  Fourier  transform. 
Both  truncation  and  sampling  have  to  be  carefully 
effected  in  transforming  to  obtain  the  spectral  dis¬ 
tribution.  However,  sampling  according  to  the 
prescription  required  by  the  fast  Fourier  transform 
algorithm  allows  for  a  completely  fslithful  and 
reproducible  Fourier  transform.  One  can  transform 
back  and  forth  between  F(x)  and  B,{cr)  completely 
promiscuously  if  the  sampling  is  done  correctly  with 
what  is  referred  to  as  the  Lanczos  algorithm.  The 
writer  has  previously20  commented  oti  this  aspect  of 
the  Lanczds  algorithm,  and  lie  feels  that  the  faithful¬ 
ness  of  the  transformation  is  as  important,  if  not  more 
important,  than  the  “fastiiess.”  For  example,  co- 
variance  averaging  as  discussed  in  Section  40-2 
involves  repeated  transformation,  so  that  this  method 
of  spectral  averaging  using  the  Lanczos  algorithm 
depends  on  the  accuracy  with  which  it  can  be  per¬ 
formed.  Thus,  it  is  the  band-limited  nature  of  the 
spectrum  B,((t),  that  will  be  discussed  further. 

Of  course,  because  there  is  a  truncated  interfero¬ 
gram,  Fourier  transformation  introduces  “wings,” 
"side  lobes,”  “ripples,"  or  “false  detail,"  into  the 
spectral  distribution.  Apodization  seeks  to  suppress 
these  side  lobes  by  multiplying  the  interferogram  by 
an  apodizing  function  .l(A’),  before  Fourier  trans¬ 


formation.  In  general, 


B'e(<r)=  F(x)A(x)  cos  2w<rx  dx.  (40-41) 


One  may  also  obtain  an  apodized  spectrum  by 
convolution  of  the  unapodized  spectrum  with  the 
Fourier  transform  of  the  apodizing  function,  the 
scanning  function.21  Let  us  refer  to  the  result  of 
apodization  as  a  focusing  of  the  spectrum.  Various 
apodizing  functions  thus  have  better  focusing  power 
than  others. 

In  time  series  analysis  one  is  interested  in  obtaining 
the  best  estimate  to  the  asymptotic  spectrum,  that  is, 
spectral  estimation.  This  p..per  has  suggested  spectral 
estimation  by  means  of  covariance  averaging  where 
the  spectral  averaging  is  effected  variously  by  co- 
variance  averaging  kernels,  some  of  which  were 
outlined  in  Section  40-2.  The  Fourier  transforms  of 
the  covariance  averaging  kernels  or  lag  windows  are 
spectral  windows.  Comments  have  been  made  on  the 
nature  of  various  spectral  windows3,22,23  and  no 
further  comment  will  be  made  here.  The  interested 
reader  is  referred  to  the  excellent  exposition  by 
Jenkins  and  Watts.6  , 

An  optimal  spectral  window  is  one  that  balances 
the  fidelity  and  stability  or  bias  and  variance  of  the 
window  (or  filter).  Achieving  this  balance  according 
to  the  specific  optimality  criterion  needed  in  any  one 
situation  is  the  design  procedure  known  as  window 
carpentry.  What  is  desired  and  achieved  in  most 
cases  is  a  spectral  window  with  small  side  lobes. 
Spectral  averaging  with  such  a  window  W(A')  hen 
generates  a  mean  smoothed  spectrum  F 


r (/)=f  W(g)T(f-g)  dg,  (40-42) 

J  —  00 


where 


r  (/)  =  £[?(/)!,  (40-43) 


and 

i 

£(/)=  [*  k{u)c{u)  exp  (  —  2rfifu)  du,  (40-44) 


where  U(f)  is  a  smoothed  spectral  estimator  defined 
ip  terms  of  the  covariance  kernels  k(u)  and  the 
covariance  estimators  r(u).  Thus,  covariance  averag¬ 
ing  using  lag  windows  with  optimum  focusing  is  a 
generalization  to  stochastic  processes  of  apodization 
as  commonly  formulated  for  deterministic  processes. 
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Discussion 


Comment  (R.  D.  Larsen):  Had  I  known  in  advance 
of  this  conference  that  the  advantages  of  10*'  samples 
were  to  be  a  preoccupation  of  this  conference  (“happi¬ 
ness  is  10“  samples”),  I  would  have  brought  slides 
showing  how  a  similar  situation  obtains  in  liquid 
diffraction.  It  is  well  documented  in  liquid  diffraction 
literature  that  by  collecting  data  over  larger  and 
larger  scattering  angles,  the  radial  distribution  func¬ 
tion  becomes  increasingly  better  resolved.  That  is, 
the  larger  Rmax  is,  like  the  greater  <rmax  is,  the  better 
is  the  resulting  D(r)  and  B(a),  respectively.  In  liquid 
diffraction  the  quest  is  for  the  asymptotic  radial 
distribution  function  (derived  from  Rmhx=x),  inas¬ 
much  as  the  theoretical  radial  distribution  function  of 
statistical  mechanics  is  this  quantity. 

Q.  (Alain  L.  Fymat,  Jet  Propulsion  Laboratory): 
The  mutual  coherence  function  (mcf)  is  only  one  of 
the  four  elements  of  the  mutual  coherence  matrix 
(mem)  which,  incidentally,  is  not  defined  in  the 
optical  literature  (Born  and  Wolf,  Principles  of  Optics; 
Benin  and  Parrent,  Theory  of  Partial  Coherence).  For 
a  single  space-time  point,  this  matrix- reduces  to  the 
polarization  coherence  matrix  (pcm)  (also  not  defined). 
The  Fourier  transform  of  (mcm)  for  zero-vector  spac¬ 
ing  yields  Fourier  analysis;  pcm  can  also  be  related  to 
thjs  transform. 

Because  of  these  various  relationships,  I  wondered 
whether  you  have  considered  extending  your  approach 
to  also  describe  the  state  of  polarization  of  the  radia¬ 


tion  field.  (For  your  complete  information  I  might 
add  that  Professor  S.  Veno  from  the  University  of 
Tokyo  and  Professor  V.  Sobolev  from  the  U.S.S.R. 
have  formulated  radiative  transfer  theory  using 
stochastic  theory.  Their  theory  does  not,  however, 
consider  polarization.) 

A.  (R.  D.  Larsen):  A  unified  treatment  of  second- 
and  higher-order  coherence  phenomena  and  the  state 
of  polarization  is  provided  by  the  introduction  of 
higher-order  moments  of  the  complex  analytic  wave 
amplitude.  These  general  moments  were  introduced 
by  Wolf  and  Mandel, 1 1  and  Klauder  and  Sudarshan. 1 0 
While  higher-order  correlation  effects  have  been 
measured,  for  the  simple  interference  experiment  it  is 
usuaiiy  sufficient  to  consider  the  second-order  co¬ 
herence  tensor  instead  of  the  mutual  coherence 
function.  It  is  interesting  to  note  that  whereas  we 
have  considered  some  elements  of  a  generalized  har¬ 
monic  analysis  as  applied  to  Fourier  spectroscopy,  it 
was  Wiener  who  not  only  first  introduced  such  a 
generalization  but  also  first  introduced  the  idea  of 
coherence  matrices  for  describing  partial  polarization 
in  terms  of  the  degree  of  polarization  P. 

More  germane  to  Fourier  spectroscopy,  I  might 
suggest  that  the  time  series  approach  is  to  the  de¬ 
terministic  (Bracewellian)  approach  as  statistical 
thermodynamics  is  to  thermodynamics,  in  that  both 
the  latter  and  deterministic  Fourier  analysis  neglect 
fluctuations  and  correlations  thereof. 
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I 

Relation 


It  is  both  instructive  and  amusing  to  consider  the 
closely  parallel  features  of  Fourier  spectroscopy  and 
the  formalism  of  x-ray  diffraction  by  liquids.  Each 
technique,  of  course,  provides  quantitative  structural 
information  (of  a  different  kind  in  each  case)  about  a 
substance  bathed  in  radiation  from  widely  separated 
regions  of  the  electromagnetic  spectrum. 

One  obtains  an  intensity  function,  ( I(k )),  in  liquid 
diffraction,  where  k  is  proportional  to  the  scattering 
angle  and  is  a  function  of  frequency, 


fc=-^-sin0,  (40-A1) 


that  is,  (I(k))  is  a  spectrum  and  is  obtained  directly. 
Furthermore,  (I(k))  is  the  Fourier  transform  of  the 
autocorrelation  of  the  electron  density, 


(I(k,t))  =  f  •  J <p(r,.  <)p(r2, 1)) 

exp  (ik  •  (ri  -r2)j  dr}  dra.  (40-A2) 


The  object  of  the  analysis  is  to  obtain  the  radial 
distribution  function,  I)(r),  which  gives  the  distribu- 


Appendix  40-A 
Between  Formalisms  of  Diffraction  by 
Liquids  and  Fourier  Spectroscopy 


tion  with  distance  of  individual  pair  interactions 
within  a  liquid 


OW  =  EO0(r,;).  (40-A3) 

»</ 


From  the  physical  information  embedded  within 
D(r)  it  is  possible  to  determine  the  time-averaged 
geometrical  structure  of  a  liquid.  Now,  D(r)  is 
related  to  I(ki  by  Fourier  transformation.  As  both 
D(r)  and  I{k)  are  odd  functions,  using  reduced 
variables,  one  can  write 


D{r)-2  (x  I(k)  sin  (2tt rk)  dk.  (40-A4) 
Jo 


As  the  scattering  of  x-rays  by  a  liquid  may  also  be 
considered  to  be  a  stochastic  process,  the  techniques 
of  time  series  analysis  are  applicable  to  liquid  dif¬ 
fraction.24  The  problem  is  one  of  estimating  the 
autocovariance  D(r), 

One  obtains  experimentally  a  band-limited  spec¬ 
trum,  the  Fourier  transform  of  which,  due  to  simple 
truncation,  contains  side  lobes  which  inhibit  a  clear- 
cut  structural  analysis.  Thus,  the  intensity  function 
is  commonly  multiplied  by  a  so-called  modification 
function  M(k),  prior  to  Fourier  transformation. 


D'(r)  =  2  [*  l{k)M(k)  sin  (2irrk)  dk.  (40-A51 
Jo 
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The  modification  functions  are  clearly  the  same 
functions  as  the  apodizing  functions  of  Fourier 
spectroscopy,  which,  if  generalized  in  terms  of  time 
series  analysis,  are  covariance  averaging  kernels  or  lag 
windows  (more  generally,  in  the  frequency  domain, 
spectral  density  Green's  functions);  that  is,  compare 
Eq.  (40-A5)  with 


B'(a)=  2  f*  F(x)A(x)  cos  (2ir<ri)  dx.  (40-A6) 
Jo 


The  difference  between  Eq.  (40-A5)  and  Eq.  (40-A6) 
is  simply  due  to  the  fact  that  F(x)  and  B(a)  are  even 


functions,  and  so  they  are  related  by  a  cosine  Fourier 
transformation. 

Liquid  diffraction  does  not,  however,  enjoy  the 
splendid  Fellgett  advantage,  the  spectrum  I(k)  being 
obtained  in  a  “dispersive”  manner  by  step-scanning 
through  values  of  k  and  counting  incident  (scattered) 
photons  for  sizable  lengths  of  time  for  each  k  value. 
Use  can  be  made,  however,  of  the  Lanczos  algorithm 
(fast  Fourier  transform)  in  liquid  diffraction  as  well. 
Furthermore,  it  should  be  noted  that  the  one-di.  en- 
sional  radial  distribution  function  of  liquid  diffraction 
is  formally  a  lower-dimensional  analog  of  the  three- 
dimensional  Patterson  function  of  x-ray  crystallog¬ 
raphy.  In  fact,  the  use  of  modification  functions  in 
liquid  diffraction  originated  in  crystallography.25 
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41.  Increased  Spectral  Resolution  From 
Fixed  Length  Interferograms 


Alvin  M.  Despain  and  Jeffery  W.  Bell 
Utah  State  University 
Logan,  Utah  84321 


Abstract 


Problems  of  enhancing  the  spectral  resolution  of  fixed  length  interferograms 
are  discussed  and  several  methods  of  implementation  are  considered.  Prolate 
spheroidal  wavefunctions  and  the  method  of  moments  are  fuund  to  be  useful 
although  in  many  cases  signal-to-noise  ratio  must  be  drastically  decreased  to 
obtain  a  significant  increase  in  resolution. 


41-1  INTRODUCTION 

41-1  I  Fourier  Spectroscopy 

Fourier  spectroscopy  is  the  determination  of  the 
power  spectral  density  function  of  radiation  with 
the  aid  of  an  interferometer.  Mi  heison'  inventor!  the 
two-beam  interferometer  that  bears  his  name  (Figure 
41-1)  an  1  used  it  for  several  purposes,  including  the 
determination  of  the  structure  of  certain  optical 
spectral  features.  Later,  many  workers  modified, 
refined,  and  improved  the  interferometric  tech¬ 
nique."  1,4  Today  Fourier  spectroscopy  is  widely 
used4  where  its  advantages  of  multiplex  detection 
and  large  optical  throughput  outweigh  its  mechanical 
problems  and  the  need  for  Fourier  transforming  the 
output  signal  to  obtain  speetr-d  data. 

The  ideal  Miehel.son  interferometer,  ns  shown  iu 
Figure  41-1,  is  a  two-beam  device  iu  whirl!  the 
incident  radiation  is  split  into  two  beams,  recombined, 
and  detected.  The  path  traveled  by  the  radiation  in 
one  beam  is  of  different  length  from  that  traveled  by 
the  other  anti  is  a  function  of  the  mirror  {stsitioit. 


The  impulse  res|to»se  of  the  device"  front  the  entrance 
aperture  to  the  detector  aperture  is  thus 


li(l) 


l(f>  ,  4(t-x  » 
4  +  4 


(41-1) 


when'  4(f)  is  the  impulse,  x  is  the  path  difference,  and 
r  is  the  velocity  of  light. 

The  spectral  response  to  an  input  spectrum  Ftri 
is  then  the  product  of  the  Fourier  transform  of 
Ftp  (II- 1 1  and  F(r I, 


(»(!’,  X)  *  ^  j*  1 1  +< 


(41-2) 
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can  only  be  approximately  determined  as 

!^M|2= J  |d(x)-^~j  cos2rvxdx  (41-5) 

=  j  fl(x)  J^d(x)  -^pj  cos  2rvx  dx,  (41-6; 

where 


-Ll«)  .  Mi- 4-1 

4  +  ~4 
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a(x)  =  reet  (^-)  =  (°’  ^>Jr° 
V  °'  ll,  |x|<j0. 


(41-7) 


Thus,  the  approximate  spectrum  is  the  convolution  of 
|F(i*)i2  and  the  transform  of  a(x),  or 


Figure  41-1.  Mit-helson  Interferometer  Spectrometer 


l*V)l2~|*’WI2  *-•!(•'), 


•  wlu  re  i  =/ c  (wavenumber).  If  the  detector  is 
assumed  to  be  an  ideal  square  law  detector,  then  its  where 
response  is 


</(x)  =  K,i  ["*  jF(r)  |s[l  +ros  L'THr>  dv, 
7*i 


(41-3) 


,l(i*)  ®2x0  sine  |2i*x]. 


The  sine  function  has  its  first  scru  at 


where  the  radiation  is  limited  to  the  spectral  region 
between  »q  and  The  signal  dt/i  is  generally 
recorded  (this  record  is  railed  an  interfenigram). 
digit ued,  and  Fourier  transformed  on  a  ditigal  com¬ 
puter.  Thus,  the  power  spectrum  of,F>e)  is  recttvereil 
by  calculating 


e  •*  ■  1 


(41-10) 


and  by  the  Haleigh  criterion1  the  spectral  resolution 
of  Ac)  3  is  just 


,*  K  r 

j  /  I,  d<0t 
A  (I'):  »  f  I  r/!x  i  —  f 


,  d<0> 

d'.jri  —  i(  cwjri'/rf/. 


(11-1) 


(41-1 1 ) 


41-1.2  Spectral  Rwototioo 

Note  that  it  i>  phv-irallv  itnjtossible  to  rreord 
d  x i  tor  ail  |>o-v-lble  values  of  x.  Therefore,  f'.ia  * 


Here.  then,  is  one  of  the  major  problems  of  Fourier 
spectroscopy.  How  rati  better  spectral  resolution  he 
obtained  if  /„  cannot  be  further  increased  due  to 
physical  limitations? 


BACKGROUND  DETECTOR  MEASUREMENT  ROUND-OFF 


Figure  41-2.  Fourier  Spertroseopy  System 


41-1.3  Noise 

Resolution  is  only  one  measure  of  the  quality  of  a 
spectral  estimate.  The  other  major  factor  is  the 
reliability  of  the  result.  This  is  usually  described  by 
the  variance  a2  of  a  sample  of  the  spectral  estimate. 
This  variance  is  caused  by  noise  that  enters  the  system 
at  various  points.  Signal-to-noise  ratio  (SNR)  is 
defined  as  the  ratio  of  the  average  signal  power  to  the 
average  noise  jtower  or 


SXR=~,  (41-12) 

<Tr.- 


where 


P  »  average  signal  power. 
tf,3  «•  average  noise  power  or  variance. 


Four  basic  types  of  noise  are  important  in  a  Fourier 
spectmorupy  system  (Figure  41-2'  These  are  some- 
times  identified  as: 

:  1  '  barkgnniml  noise, 

*  2)  detertor  noise. 

n't.?  measurement  noise. 

(4i  round -off  noise. 

llarkgnnind  noise  is  due  to  un»  mini  radiation 
entering  an  interferometer  along  « itfi  (fie  radiation 
In  be  rxntnitied  |U>th  signals  are  f«<nnis|  to  be 
limiteil  to  the  same  spectra!  hand  by  an  opneal 
bandpass  filter  or  limited  detector  rrspiuw  If  tins  is 
not  the  ease,  energy  outside  the  spectral  ismd  of 
interest  can  degrade  the  final  spectral  estimate  if  the 


detector  noise  is  increased.  The  in-band  noise  remains 
indistinguishable  from  the  signal. 

l)ctcetor  noise  is  that  noise  generated  by  the 
detection  and  amplification  process.  This  noise  will 
generally  contain  energy  that  does  not  correspond 
to  the  optical  bandpass  mentioned  above.  This 
energy  can  usually  be  rejeeted  by  an  electrical  filter. 
Again.  the  in-bund  noise  is  indistinguishable  from  the 
sigijal.  •  Thus,  the  signal,  background  noise,  ami 
detector  noise  are  bnndlimited  and  then  truncated. 

Measurement  noise  is  due  to  measurement  in¬ 
accuracies,  generally  aualog-to-digital  quantization 
errors.  This  noise  is  not  bandlimitetl.  but  since  it 
ojieijitcs  only  on  a  truncated  signal,  it  is  truncated. 

Wound-olT  noise  is  due  to  the  round-off  errors  made 
in  calculating  a  -spectral  estimate  from  the  inter- 
ferogrrfty.  In  general  this  noise  is  neither  bandlimitetl 
nor  truncated. 

Ahemjits  to  increase  the  resolution  of  a  »|iecirul 
estimatmmust  consider  the  manner  in  which  each  of 
these!  nwptp;  degrades, the  spectral  estimate,  if  the 
rcstill  is^4  have  any  moaning 

41-2  INCREASING  RESOLUTION 

41-2.1  in  forma  h©«  Content 

It  ran  1*e  >een  front  the  preceding  <!iseUv»iuti  lluw  an 
interferometer  may  be  considered  a.»  a  i»*i-\  hind- 
limited  rt.iinouoieation  rhaunr!  through  which  in¬ 
formation  a  Unit  the  input  radiation  passes  \-  such, 
it  w*F  have  a  finite  rbantn !  capacity  '  Tints.'  a 
finite  length  iuterferogram  will  contain  only  a  finite 
amount  «*f  information  lin-  ttiJorti..it  ma  <>  ?!»- 
product  of  tin-  total  nuntU-r  of  orthogonal  waveform" 
or  dimension-  that  ran  Jl.w  through  flu  tnifirated 
channel  ami  the  amount  of  udo?;nut*on  each  wn\t- 
fiirni  ran  ram  The  omit  w>  lla-  information  j.  giuii 
by  tin-  well-known  elnuai.  i  faparit-.  lljt’i.-MH  to  U" 


t  -  v ..  iog.  A  -  SNR  bit-  ■•»•»’* .n, j 


where  the  input  »)*•  <;■  -;;to  ;«  ir-imloi  n-tfii  ,:t«i\al 


[  “I’d,  In  the  present  case.  retardation  is  the  in- 
(lc[«-inli’nt  variable  in  the  interferogram,  hence  the 
total  information  is  bounded  bv 


where  SXH'  is  the  signnl-to-noise  ratio  in  the  resulting 
spectral  estimate.  Thus,  the  maximum  possible 
improvement  in  resolution  is 


I,-2v()x0  logo  (1+SXR)  bits,  (41-14) 


p  bv  __  log2  (1+SNR) 
bv'  log2  (1+SNR') 


(41-17) 


where  2x0  is  the  length  of  the  interferogram. 

41-2.2  Trading  SNR  for  Resolution 

Any  subsequent  processing  such  as  finite  Fourier 
transforming  will  only  destroy  some  of  the  above  in¬ 
formation.  Further,  note  that  Fq.  (41-14)  is  not 
only  a  measure  of  the  information,  but  a  simple 
formula  relating  resolution  and  SNR,  since  by 
Eq.  (41-11)  the  spectral  resolution  bv  is 


bv  =  ~- 

2.r0 


(41-15) 


Now  if  the  interferogram  is  processed  to  provide 
greater  resolution,  bv',  the  maximum  possible  value  is 
given  by  the  relation 


^log2  (1+SNR')  =  —  log2  (1+SNR),  (41-10) 
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Figure  ll-'.S.  Theoretical  Signal-to-Noisc  mul  Resolution 
Relationship 


This  relationship  determines  the  possible  improve¬ 
ment  in  resolution,  given  the  interferogram  SNR  and 
the  resulting  spectral  SNR'.  This  function  is  plotted 
in  Figure  41-3.  It  can  be  readily  observed  that  a  very 
large  SNR  is  required  in  order  to  achieve  any  sig¬ 
nificant  gain  in  resolution. 

41-2.3  Maximum  Resolution 

The  usual  finite  Fourier  transform  destroys,  to 
some  extent,  the  information  in  the  interferogram;10 
that  is,  it  is  a  nonoptimum  processor  to  derive  spectral 
information  from  an  interferogram.  Woodward10 
has  shown  that  prolate  spheroidal  wavefunctions 
(PSWF)  are  superior  and  can  thus  give  better  resolu¬ 
tion  for  the  same  SNR.  This  is  only  true  for  small 
retardation-bandwidth  products  v0xo  since  the  two 
methods  converge  for  large  lqphj-10 

Intuitively,  it  appears  that  any  a  priori  information 
about  the  characteristics  of  the  spectral  distribution 
function  could  be  exploited  to  improve  resolution. 
Such  will  be  shown  to  be  the  case  later  in  this  paper. 

In  general,  resolution  can  in  principle  be  improved 
in  these  ways: 

(1)  trade  SNR  for  resoiution, 

(2)  use  optimum  transform  techniques, 

(3)  utilize  all  a  priori  information  known  about  the 
spectrum  under  study. 

The  remainder  of  this  paper  concerns  the  implemen¬ 
tation  of  these  three  strategies. 

41-3  METHODS  OF  IMPLEMENTATION 

The  preceding  discussion  provides  some  insigut 
into  the  possibilities  of  resolution  enahancement. 
Particular  techniques  for  accomplishing  this  are 
discussed  in  the  following  paragraphs. 

41-3.1  Interferogram  Extrapolation 

If  the  signal  that  produced  the  interferogram  is 
frequency  band-limited  (as  all  real  radiation  must  be) 
and  noiseless,  then  the  interferogram  d(x)  is  infinitely 
differentiable  everywhere  and  a  Taylor  scries  expan¬ 
sion  derived  from  a  limited  portion  of  d(x)  would 
converge  to  d(. r)  everywhere.  Thus,  a  limited  length 
interferogram  could  be  extrapolated,  and  the  resulting 
spectral  resolution  would  be  improved.  In  practice, 
the  required  Taylor  series  coefficients  are  difficult  to 
determine.  Also,  noise  exists  in  any  physical  system, 
and  this  precludes  any  accurate  knowledge  of  the 
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higher  order  coefficients.  The  authors  are  unaware 
of  any  successful  attempts  to  apply  this  technique  to 
Fourier  spectroscopy. 

Another  method  of  extrapolation  was  suggested  by 
J.  L.  Harris1 1  as  a  way  to  improve  the  resolution  of  an 
imaging  system.  The  essence  of  the  method  is  to 
estimate  the  interferogram  outside  of  |x0|  by  relating 
samples  of  the  known  interferogram  in  a  system  of 
linear  equations  to  samples  outside  of  the  known 
interferogram.  These  simultaneous  equations  are  then 
solved  for  the  values  beyond  |x0| .  The  total  set  of 
known  and  extrapolated  samples  are  then  Fourier 
transformed  and  greater  resolution  results. 

According  to  Forman12  J.  Connes  applied  this 
technique  to  Fourier  spectroscopy  and  obtained  a 
resolution  improvement  of  30  percent  for  a  signal-to- 
noise  ratio  of  1000:1.  Although  an  assumption  had 
to  be  made  on  the  final  SNR,  an  attempt  was  made  to 
plot  the  results  of  the  Connes  findings  on  Figure  41-3. 
As  might  be  expected,  it  appears  that  this  method 
falls  short  of  the  maximum  possible  improvement 
and  is  not  of  much  use  in  improving  the  resolution. 

41-3.2  Prolate  Spheroidal  Wavef unctions 

A  different  approach  to  extrapolation  was  intro¬ 
duced  into  the  problem  of  optical  restoration  by 
Barnes.13  His  method  was  based  on  expanding  the 
signal  in  terms  of  prolate  spheroidal  wavefunctions, 1 4 
several  examples  of  which  are  illustrated  in  Figure 
41-4.  Williams  and  Chang15  then  applied  the  tech- 


Fourier  transform  of  an  arbitrary  bandlimitod  func¬ 
tion,  expanded  in  terms  of  these  functions  over  a 
finite  interval.  Following  the  notation  of  Rushforth 
and  Harris18  for  a  frequency  bandlimitod  function 
a(x), 


f/(.r)  =  J2  Onfr.  (x), 


n—0 


(41-18) 


where 


an  =  K  1  (  +XBg(x)#„(s)  dx,  (41-19) 
J—  *0 


and  in{x)  is  the  nth  PSWF  with  e  =  27nv'o. 

The  self-transform  property 10  then  allows  the 
calculation  of  the  spectral  estimate  (!(y)  as 


CM  =  i  ~  rect  (~~)  hf)  -  (41-20) 

n=0  an  \2vO/  \Vo/ 


where 


/ 


a 

T 


'/',(*), ^(t),  vs  -y-  for  C*2.0 


Figure  41-4.  Examples  of  Prolate  Spheroidal  Wavefunc¬ 
tions10 


nique  to  the  problem  of  Fourier  spectroscopy. 
Several  other  investigators10, ll’“  18  have  since  con¬ 
tinued  the  work  with  PSWF. 

Slepian  and  Poliak10  pointed  out  the  usefulness 
of  the  PSWF  as  expansion  functions  for  signal  pro¬ 
cessing  applications.  For  example,  the  PSWF  are 
orthogonal  over  both  a  finite  interval  [  — j"0 <  a: < x0] 
and  the  infinite  interval  [  —  oc  <x<  +  x  ].  The  Fourier 
transform  of  a  PSWF  is  a  scaled  and  truncated  ver¬ 
sion  of  itself.  Thus,  it  is  quite  convenient  to  <  tain  a 


an^f'x'v  i)K/x0,  (41-21) 


and  X„  is  a  known  constant  (eigenvalue).  Particularly, 
note  in  contrast  to  the  direct  Fourier  transform  that 
G{v)  is  strictly  bandlimitod  even  though  only  a 
finite  sample  of  <j(x)  was  used  in  determining  a„. 

Clearly  the  PSWF  expansions  are  very  useful  for 
determining  the  spectrum  from  a  limited  interfero¬ 
gram.  In  fact,  if  no  noise  is  present,  Eq.  (41-18) 
provides  all  the  resolution  desired.  On  the  other 
hand,  if  noise  is  present  and  the  coefficient  X„  is 
carefully  examined,  it  will  be  found  that  X„  decreases 
as  n  increases.  If  any  uncertainty  (noise)  exists  in 
a,„  the  higher  order  terms  then  become  increasingly 
inaccurate.  Thus,  to  prevent  excessive  errors  in 
G(v),  the  series  must  be  truncated.  Resolution  is 
thus,  not  only  limited,  but  is  a  function  of  the  resulting 
spectrum  SNR'.  Rushforth  and  Harris18  have 
examined  the  problem  of  various  types  of  noise 
energy  growth  as  «  increases  for  the  optical  case.  An 
exactly  analogous  set  of  calculations  can  be  made  for 
the  four  sources  of  noise  in  Fourier  spectroscopy 
that  have  been  mentioned.  The  results  are  the  same 
as  those  of  Rushforth  and  Harris:1 8 

(1)  Noise  that  is  both  bandlimitod  and  truncated 
grows  proportional  to  A’,  the  largest  value  of  n. 


MI.' 


•  Background  and  detector  noi-e  are  usually  in  this 

'■  category. 

(2i  Noise  that  is  truncated  but  not  bandlimitcd, 
s  eh  as  measurement  noise,  grows  as 


£  i/x„ 

n  -0 


This  is  a  much  worse  situation,  as  X,.  is  very  small  for 
large  n. 

(.{)  Round-off  error  produces  the  most  trouble¬ 
some  noise,  which  in  general  is  neither  truncated  nor 
bandlimitcd.  It  grows  as 


£  1/An2..  (41-22) 

7i 


The  increase  in  signal  energy  as  n  is  increased 
depends,  of  course,  on  the  exact  nature  of  the  in- 


Figure  1 1  Input  Spectrum  and  Spectral  Estimates 

I’sing  Finite  FT  and  I’SW  F  (<■  —  10) 


coming  radiation,  but  since  it  is  both  bandlimitcd 
and  truncated  and  must  contain  some  structure,  it 
can  be  expected  to  increase  less  rapidly  than  the 
bandlimitcd  and  truncated  noise,  thus  satisfying  the 
requirement  that  SNR'  must  decrease  as  resolution 
increases.  The  importance  of  both  filtering  and 
truncating  all  noise  sources  whenever  possible  is  well 
illustrated  by  these  results. 

It  should  be  pointed  out  that  for  small  retardation 
bandwidth  cases  (small  c),  the  major  increase  in 
resolution  gained  using  the  PSWF  technique  is  due 
to  the  conservation  of  information,  not  the  sacrifice 
of  SNR'  for  resolution,  although  these  two  effects  are 
mixed. 

Figure  41-f>  illustrates  the  utility  of  the  PSAVF 
technique.  The  two  spectral  bands  are  not  observable 
when  the  finite  FT  is  used  but  are  readily  apparent 
when  the  PSWF  technique  is  applied.  Unfortunately, 
such  dramatic  improvement  cannot  be  obtained  for 
large  values  of  c.  This  is  illustrated  in  F'igure  41-0 


Figure  41-0.  Optimum  Resolution  Gain,  Minimum  ISE 
Criterion,  Narrow  Spectral  Rami 


where  the  optimum  resolution  gain  is  shown  according 
to  the  integral  squared  error  criterion.17  Roundoff 
error  becomes  especially  critical  for  large  values  of  c, 
and  computer  calculations  become  increasingly  dif¬ 
ficult  as  c  increases. 
t 

4 1  — IJ.3  Method  of  Moments 

rfhe  method  of  moments20,21  is  a  technique  of 
generalized  expansion  whereby  the  spectrum  can  be 
subdivided  into  separate  pieces  for  processing.  This 
has  several  advantages.  First,  a  priori  information 
can  often  be  handled  in  a  convenient  way.  Second, 
the  effective  retardation-bandwidth  product  is  lower 
for  a  subsection  than  for  the  complete  spectrum. 

The  problem  to  be  solved  is  formulated  in  the 
following  wray: 


F-1[5(v)]  =  s(z),  (41-23) 


where  S(v)  is  to  be  found,  F  ’[  ]  is  the  inverse 
Fourier  transform,  and 


«(*)  =  rect  [s(.r)  +n(:r)].  (41-24) 


From  Eq.  (41-4)  u  is  seen  that  six)  =cl(x)—d(0)/2. 

First,  the  spectrum  is  divided  symmetrically 
about  v=0  into  an  even  number  of  nonoverlaying 
subsections, 


S(v)=  £  Sm(v-vm), 

m«  1 


each  of  a  given  bandwidth.  Each  of  the  subsections  is 
then  expanded  in  terms  of  the  transforms  of  the 
PSWF  with  bandwidth  corresponding  to  that  of  the 
subsection, 


<5,7i(^  Vm)  =  ®nm^nm(^  — ^m)j  (41-26) 

n-0 


where  4>„m(i')  is  the  Fourier  transform  of  ^„(z)  w'ith 
the  bandwidth  of  the  with  subsection.  Then 


Af 

<$00  “£  £  anm*nm(v-Vm).  (41-27) 

m»l  n— 0 


Substituting  this  into  Eq.  (41-23)  yields 


M  Am 

£  £  a»»l!’'1[4„ffi(i/-rm)]  =  s(r).  (41-2S) 

m  —  1  a=0 


According  to  Fourier  theory,  this  reduces  to 


2  £  £  anmt„m(x)  cos  2m'mx=i(x), 

m  =  1  n—0 

(41-29) 


where  L  =  M/2.  Following  the  method  of  moments, 
the  inner  product  of  f(x)  and  g(x)  is  defined  to  be 
(f(x),  g(x))  =  j-l0  f{x)g(x)  dr;  and  the  chosen  weight¬ 
ing  functions  are  ^ji(x)  cos  2irvix.  Multiplying  both 
sides  of  Eq.  (41-29)  by  the  weighting  functions  and 
forming  the  inner  product,  one  finds 


2  £  £  «nm(^y/(.r)  cos  2ttv,x,  tfw(x)  cos  27 rvmx) 

mail  71=0 

=  (s(.r),  iji(x)  cos  2ttvix).  (41-30) 


This  is  more  easily  handled  in  matrix  notation  as 


[0;7,nm]["m„]  -  [*//],  (4  1-31) 


where  £lj(,nm  =  2(^((x)  cos  2irvix,  i„m(x)  cos  2vvlhx); 
and  sn-  (S{x),  yfrji(x)  cos  2irvix).  The  solution  to 
Eq.  (41-31)  is 


[®nm  WO/i  ,»n]  'M-  (41-32) 


Using  Eq.  (41-27),  one  can  then  reconstruct  an  esti¬ 
mate  of  the  spectrum.  Notice  also  that  for  M  =  1  one 
has  vm=0,  and  this  reduces  to  the  simple  case  dis¬ 
cussed  previously  of  expanding  the  spectrum  us  a 
whole  in  terms  of  PSWF. 

After  straightforward,  but  lengthy,  calculation,22 
one  finds  that  for  white  noise  of  power  spectral 


(41-25) 


den-it\  A ,,  2,  tin1  following  -dgiial-to-noise  energy 
ratio  results: 


SN  R  = 


•» 


i. 


E 


/,  S  m 

|  ;2  /v 

z _i  |^n«>|  f  '' urn 

hi  —  1  ri  JS ■() 


\  {;  v«  v-  Aft 

^  ^  i^im,jnl^irn,(sb^"jn,ab/^irn, 

n  «=  I  b  —  1  t  s-0  )  «*•)  «  —0 


where  [S^„. is  the  complex 

conjugate,  and  A„.„  is  ,\„  for  the  value  of  e  correspond¬ 
ing  to  the  bandwidth  of  the  with  subsection. 

Tims,  if  a  better  approximation  of  the  spectrum  is 
found  for  M>  1  than  for  .1/  -  1  where  the  final  KNK' 
is  not  less  than  the  minimum  tolerable  SXR,,,,  there  is 
effectively  better  resolution  obtained. 

Two  examples  tire  now  given.  I”  each  the  spectrum 
is  approximated  using  M  =  1  and  M  =  2.  The  spectra 
chosen  tire  symmetric  about  e  =  0,  and  only  the  posi¬ 
tive  parts  are  plotted  in  the  accompanying  figures. 
The  power  spectral  density  of  the  added  noise  is 
.Yu  -  10” '  \V  Hz,  and  the  smallest  tolerable  SXR  was 


APPROXIMATION 


Kilnin'  11-7.  Method  of  Moments  Technique  of  Resolu¬ 
tion  Knlianeemeiit  (w  «  l,  2;  <•*■(>) 


assumed  to  be  SXR,,,  =  102.  Since  the  SXR  is  reduced 
in  discrete  jumps  us  more  terms  are  taken,  the  final 
SXR'  iti  each  case  is  the  smallest  possible  such  that 
it  is  greater  than  SXR,„. 

In  the  first  example,  illustrated  in  Figure  41-7, 
SXR'  =  :i.(iX102  for  jl/  =  l  and  SXR'  =  2.ixi02  for 
M  =2.  As  seen  in  the  figure,  the  better  approximation 
results  for  M  —2.  Figure  41-8  illustrates  the  second 


Figure  41-8.  Method  of  Moments  Technique  of  Resolu¬ 
tion  Knhiineement  (»i**l,  2;  r*»(>) 


example,  where  SXR'-- 1.3X103  for  M  =  i  and 
SXIT  =  7.2X104  for  M  =  2.  Here  M  ■> 1  yields  the 
better  approximation. 

41-4  CONCLUSIONS 

A  theoretical  relationship  has  been  derived  be¬ 
tween  the  possible  resolution  enhancement  and  the 
resulting  SXR  that  illustrates  the  large  loss  in  SXR 
for  significant  increases  in  resolution  (Figure  41*3). 
For  a  fixer]  length  interferogram  spectral  resolu  ion 
can  be  improved  over  that  given  by  the  finite  FT,  by 
using  the  RSWF.  This  improvement  deereiuses  as  the 
retardation-bandwidth  product  increases.  As  more 
terms  are  added  to  the  I’SWT  approximation,  the 
noise  increases  as  the  resolution  improve*.  If  some 
«  priori  information  is  available  about  the  spectrum, 
it  may  be  worthwhile  to  consider  the  additional 
effort  involved  in  applying  the  method  of  moments. 
It  is  especially  important,  in  applying  resolution 
enhancement  techniques,  that  all  system  noise  be 
suppressed,  bundlimited,  and  truncated  wherever  it  is 
(Kissible  to  do  so. 
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Discussion 


Comment:  (T.  I*.  Sheahen,  Boll  Telephone  Labora¬ 
tories).  There  is  a  subtlety  in  the  information- 
theoretic  statement  that  “the  computer  only  processes 
information,  and  doesn’t  generate  information.” 
While  this  is  rigorously  true,  the  computer  is  most 
often  used  to  incorporate  simple  a  priori  knowledge  in 
a  very  complicated  way.  This  effectively  enhances 
knowledge;  the  extensive  information  hidden  away 
in  the  a  priori  knowledge  is  brought  out  by  the 
computer. 

Comment:  (Dr.  Pierre  Connes,  C.X.U.S.).  It  is 
highly  interesting  to  see  clearly  for  the  first  time  how 
much  we  pay  in  signal-to-noise  ratio  for  resolution 
enhancement ;  however,  precisely  because  the  price  is 
so  dear  these  schemes  should  be  used  only  when  re¬ 
solving  power  is  actually  limited  by  the  size  or  ac¬ 
curacy  of  optica!  elements.  This  includes  spectra 
recorded  with  prisms,  gratings  or  Fabrv-I'erot  etalons. 
In  this  last  ease  tin*  plate  separator  is  in  practice  lim¬ 
ited  by  the  finesse.  The  Fourier  spectroscopy  case  is 
totally  different;  our  high  resolution  interferometers 
(.  m  path  difference)  use  only  techniques  which 
could  easily  be  extrajKilated  to  any  path  difference. 
Thus  the  concept  of  instrument-limited  resolving 
(lower  is  obsolete;  the  only  limitation  left  is  the  true 
one —  energy-limited  resolving  power.  When  plunning 


today  a  Fourier  spectrometer  there  is  simply  no 
excuse  for  not  working  the  slides  long  enough.  The 
use  of  railroad  tracks,  which  is  cheap  and  easily  avail¬ 
able,  is  respectfully  suggested. 

Comments:  (Dr.  A.  T.  Stair,  Jr.,  AFCRL).  Dr. 
Connes’  comments  do  not  apply  to  cases  where  the 
source  is  one-of-a-kind,  time-limited,  energy-limited, 
and  particularly  if  it  is  a  priori  unpredictable.  An 
example  is  a  solar  eclipse  where  a  flare  may  occur  in 
the  space  of  a  few  seconds  and  measurements  are 
being  attempted  for  the  first  time  at  wavelengths 
and/or  sensitivities  heretofore  not  tried.  Auroral 
phenomena  and  nuclear  detonations  are  other  ex¬ 
amples  where  that  particular  event  cannot  be  repro¬ 
duced,  but  it  is  important,  after  tne  fact,  to  extract 
all  of  the  information  possible  from  the  data.  Further¬ 
more,  in  many  situations,  e.g.,  satellites,  size  con¬ 
straints  are  imposed. 

Comments:  (Dr.  Lawrence  Mertz,  Smithsonian 
Astrophvsiral  Observatory).  I  would  like  to  call  your 
attention  to  an  article  by  Biraud  (19(19)  Astronomy 
and  Astrophysics  1:  124,  which  utilizes  the  valuable 
information  that  the  spectrum  is  positive.  Even  if 
the  augmentation  of  resolution  should  prove  im¬ 
practical,  the  academic  understanding  of  mathemat¬ 
ical  processes  is  always  worthwhile. 
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in  the  Vacuum  Ultraviolet 


A.  S.  Filler 

623  Wood  I  awn  Street 
Fall  River,  Man.  02720 


Abstract 


The  design  and  operation  of  an  interferometer  for  the  region  500  to  1 100  A  is 
discussed.  The  instrument  has  the  arrangement  of  a  monochromator  (such  as 
Czerny-Turner,  Littrow,  or  Pfund)  with  the  dispersing  element  replaced  hv  a 
pair  of  mirrors,  one  of  which  is  moved  to  scan  the  interferogram.  The  use  of 
multislits  gives  a  large  increase  in  throughput. 


42-1  INTRODUCTION 

Consider  the  problem  of  achieving  high  resolution 
(better  than  0.1  cm-1)  in  the  vacuum  ultraviolet, 
primarily  between  500  and  1100  A  (that  is,  between 
0.0X10*  cm"'*  and  2X10*  cm-1).  This  region  is 
called  the  helium  ultraviolet  (HcVV)  since  the  high 
wavenumber  limit  is  about  where  helium  becomes 
opaque.  The  low  wavenumber  limit  is  chosen  because 
then  no  materials  are  transparent  in  the  region.  The 
high  wavenumber  limit  is  chosen  because  it  is  the 
upper  limit  for  normal-incidence  reflection.  These 
limitations  restrict  the  design  possibilities,  and  help 
one  decide  on  the  design. 

Spcctroscopists  have  long  wanted  a  high  resolution 
instrument  in  this  region,  and  it  was  for  this  purpose 
that  Micholson  proposer!  the  reflection  echelon.  But 
when  it  was  finally  determined  how  to  construct  this 
instrument,  it  proved  so  difficult  to  use  that  almost 
no  useful  work  has  been  done  with  it.  The  difficulty 
comes  from  the  very  high  order  and  restricted  free 
spectral  range.  With  7  mm  plates,  the  free  spectral 
range  is  only  0.7  cm-1,  and  at  700  A  the  order  is 


2X10*.  For  an  echelon  with  40  plates  the  resolution 
then  is  about  0.02  cm"1.  Recently  there  have  been 
great  improvements  in  the  production  of  gratings,  but 
at  present  there  are  no  gratings  with  the  desired  reso¬ 
lution  in  the  HeUV,  Work  is  now  in  progress  on  the 
production  of  gratings  by  holographic  techniques.  It 
remains  to  be  seen  how  these  perform  in  the  HeL'W 
Even  when  better  gratings  become  avnilubie  there 
will  remain  a  need  for  interferometric  methods,  just 
as  there  is  in  the  visible  and  infrared,  to  provide  wave¬ 
length  standards,  greater  resolution,  better  scanning 
functions,  and  greater  throughput. 

42-2  GEOMETRY 

The  interferometers  used  for  high  resolution  at 
smaller  wavenumber*  are  the  Michol*o»  and  the 
Fabry-Perot.  Both  require  transparent  plates  to 
achieve  division  of  amplitude  and  are  not  possible  in 
the  IIclT.  Any  interferometer  in  this  region  must  use 
division  of  wavefront.  A  similar  situation  exists  in  the 
far  infrared,  and  Strong  introduced  the  lamellar  grat¬ 
ing  interferometer  for  use  in  that  region.  It  seems 


40s 

improbable  tint  the  facets  uf  the  lamellar  uniting  ran 
he  made  dhciendv  flat  fur  use  in  tin1  visible,  let  alone 
t lie  ultraviolet.  A  usable  interferometer  results  if  the 
lamellar  grating  is  reduced  to  a  single  pair  of  facets, 
which  can  consist  of  conventional  plane  mirrors, 
obtainable  flat  to  at  least  1  100  fringe  of  green  light, 
or  1,  It  fringe  at  .'>00  A,  This  form  of  interferometer  is 
called  the  Holtz:  emu  interferometer.  For  strong 
modulation  of  the  interferograrn  the  slits  must  be 
narrow.  Iff  is  the  focal  length  of  the  collimator,  and 
d  is  the  combined  width  of  the  two  plane  mirrors 
(assumed  to  he  rectangular  in  shape),  and  the  largest 
wavenumber  with  strong  modulation  is  <r,  then  the 
slit  width  should  be 


tr-fffd.  (42-1) 

c> 

It  is  possible  to  use  multislits  with  this  interfero¬ 
meter.1  The  area  that  the  multislits  may  cover  is  the 
same  as  the  entrance  and  exit  stops  of  interferometers 
with  division  of  amplitude,  namely,  an  annulus 
centered  on  the  optical  axis,  with  inner  and  outer 
radii  r,  and  r-,  satisfying  the  relation 


r..--r,-=2/-  K  =  r,t*.  (42-2) 


The  resolving  power  Ii=a  Acr  is  given,  fora  two-beam 
intcrfcrometei,  by 


A*  =2  <rl‘,  t42-.lt 


where/*  is  the  path  difference  between  the  two  lieams.' 
Multiplying  lap  t42-2i  by  r  shows  that  the  areas  of 
the  annuli  are  constant,  xr„J.  In  the  .Miehelson 
interferometer,  tin1  entrance  and  exit  stojvs.  or  their 
virtual  images,  eat*  overlap,  and  the  entire  anmilus 
ean  lie  used  In  an  instrument  with  division  of  wave- 
front  then  are  no  virtiiai  images,  and  if  the  entranee 
anti  exit  beam*  are  to  be  distinct,  the  entrance  .ami 
exit  stops  must  he  exclusive.  At  most,  each  can 
consist  of  half  the  annulus.  The  division  ran  be 
any  diameter. 

If  tie  -malle-l  wavenumber  with  -tmiig  modulo- 
tion  is  a  a.  then  the  uiuitidit*  ran  have  a  (lefiod 


I)**  »\u+ 1  s,  (4'Mt 


With  high  resolution  *n  the  ultraviolet  and  a  reason¬ 
able  ntimla'r  of  resolved  elemnits.  a  is  rinse  to  unity. 
Fi>r  example,  it  e  *  10"  cm  A<r  •  0.1  rm‘ ami  if 


there  arc  104  resolution  elements  then  the  spectral 
range  is  10'*  cm-1,  and  a  is  1,01.  The  multislit  array 
can  then  consist  of  clear  and  opaque  strips  of  equal 
widths  w.  In  the  Ilel'V,  w  is  small.  Here,  and  later, 
dimensions  of  the  instrument  are  d-o  cm  and  f~2  m. 
Then  for<r-105cm  ~\  iris4ji.  With  A<r=  .02  cm-1, 
r„  =  1.27  mm.  With  a  Littrow  or  Pfund  collimating 
system  one  can  have  rt  =0,  r>  —  r0.  The  central  slit 
then  has  a  length  about  000  times  its  width.  If  the 
collimating  system  is  a  Ozerny-Turncr  with  annular 
stops,  then  slits  tangent  to  the  inner  circle  of  the 
annulus  also  have  a  length  2 r0.  It  will  be  difficult 
enough  to  make  such  narrow  slits  in  short  lengths.  It 
may  be  desirable  to  sacrifice  throughput  by  avoiding 
such  long  slits.  This  can  be  done  fairly  efficiently  by 
using  arcs  of  the  annulus  which  are  normal  to  the 
division  between  the  mirrors.  This  is  shown  by  the 
areas  Sj  and  S2  in  Figure  42-1.  l  or  the  parameters 
given  just  above,  if  r!  is  3">  mm,  then  the  width  of  the 
annulus,  r3—ri,  is  23  fi,  and  the  slits  are  only  six  times 
the  width  in  length.  If  each  arc  has  a  length  n,  and  if 
D  has  the  value  of  Eq.  (42-4),  with  a  close  to  unity, 
then  the  open  area  of  the  entrance  or  exit  stop  is 
iS'«/l2.  This  may  be  compared  with  the  value  .S(1/‘>00 
for  a  single  slit  of  width  ir  and  length  2r0. 

The  use  of  a  narrow  annular  stop  hits  other  advan¬ 
tages.  The  path  difference  depends  on  r,  varying  by  a 
half  wavelength,  X/2,  between  ri  and  r3,  and  so  the 
effective  path  difference  /*,  which  is  an  average  over 
the  area  S,  will  depend  on  the  nonuniformity  of  il¬ 
lumination  with  r.  It  will  be  easier  to  maintain  uni¬ 
form  illumination  over  the  small  r-rungo  of  an  annular 
stop  than  over  a  circular  stop.  If  the  illumination  is 
not  uniform  over  each  radial  direction,  ami  if  accurate 
wavenumbers  are  desired,  then  the  nonuniformity 
mast  be  evaluated  and  used  as  a  weighting  factor  in 
determining  the  effective  path  difference.  Note  that 
the  interferometer  must  bo  used  in  tandem  with  a  low 
order  gru'ifig  monochromator  in  order  to  isolate  a 
narrow  spectra!  band.  The  grating  inst  ament  re¬ 
quires  a  narrow  siit.  which  is  conjugate  to  the  stop  S. 
This  area  matching  can  be  done  efficiently  with  the 
short  annular  stop,  but  not  with  the  central  circular 
stop. 

For  the  mterfemgram  to  have  strong  modulation, 
the  optical  system  must  be  diffraction-limited.  This  is 
difficult  to  this  short  wavelength  region,  but  it  should 
not  be  in*{)»«viible.  Mirror  nurfntw  can  Ik*  made  with 
the  required  tolerances.  No  numerical  calculatin'**  of 
aberrations  have  been  made,  bo!  general  considera¬ 
tions  are  encouraging.  In  particular,  consider  the 
Ebert  collimating  system  (which  is  a  special  case  of 
l  zernv-Tunier  collimator  with  a  single  mirror)  shown 
ir*  Figure  42-1.  ’t  his  system  has  the  advantage  of 
being  simple  to  adjust.  nod  of  automatically  giving 
unit  magnificat  ion  when  foeuscii.  The  relative  aper- 
tuir  will  be  small,  /.  40  with  the  parameters  used 
before.  This  tends  to  ledure  aberration-v  The  design 
!»S.wi  help*.  With  the  plane  mirrors  |*}  and  I*3  in  the 
same  plane,  the  system  is  symmetrical  with  unit 
mngiiitica! ion,  and  has  zero  n.ma  and  distortion.  If 
the  e*»!!imator  (  m  a  paraboloid  there  is  no  spherical 


m 


Figure  42-1.  Schematic  Diagram  of  a  Boltzmann  Interferometer  with  an  Klirrt  (‘ollimalor  (not  to  scale).  (a)  \  ie.v  from  tin- 
center  of  the  collimator  C.  (b)  View  nor  me  I  to  the  Y-OA  plane;  l‘i  ami  P-  are  plane  mirrors;  S,  an  I  S„.  are  annular  nmltisiit 
arrays;  SI ■  and  Slj  are  alternative  single  slits;  r ■  anil  r,  an-  the  radii  of  the  annulus;  C  is  a  spherical  or  paraboloidal  collimating 
mirror  with  optical  axis  OA,  which  focuses  Si  on  S,  at  unit  magnification.  In  order  to  avoid  cluttering  (1>).  only  partial  rays  are 
shown:  from  Si  to  Pi  (single  arrowhead)  and  from  Pj  to  Ss  (double  arrowhead) 


aberration,  and  if  Pi  and  P2  are  in  the  foca!  plane 
there  is  zero  astigmatism.  The  only  third-order 
aberration,  then,  is  curvature  of  field,  which  is  not 
disturbing.  For  reasonable  dimensions  the  difference 
between  a  paraboloid  and  a  sphere  is  small,  on  the 
order  of  10  or  100  A,  and  if  it  cannot  be  ignored,  then 
the  mirror  figuring  will  be  easy  to  achieve.  In  practice, 
one  of  the  plane  mirrors  must  be  moved,  ft  may  not 
be  convenient  to  have  a  mirror  at  the  plane  of  the 
stops  S,  but  especially  for  long  focal  lengths,  these 
deviations  from  ideal  configurations  arc  pertubations, 
and  the  resulting  aberrations  will  be  small.  Further 
investigation  is  required  to  find  the  minimum  focal 
length  for  a  given  mirror  site  and  positions  for  which 
the  wave  aberrations  are  less  than  A/4. 

42-3  MWROR  CONTROL 

The  position  of  the  moving  mirrui  must  be  well 
determined,  and  it  must  remain  parallel  to  the  fiml 
mirror.  Tolerances  are  considered  in  the  next  section. 
At  moderate  wavelength.'  the  effects  of  mirror  tilts  an* 
avoided  by  using  retro  reflectors  These  give  two  addi¬ 
tional  reflections,  which  are  undesirable  in  the  Hel  'V. 
Interferometric  control  must  be  used  for  tilts  as  web 
as  for  position.  A  laser  source  is  in  many  respects  idea, 
for  monitoring  position,  but  contttK'+ct.dly  available 
lasers  atr  not  sufficiently  stable  Their  wavelength 
varies  by  about  one  port  in  10\  which  is  10  A  i*< 
10  cm.  About  one  part  in  JO10  or  10* !  is  rrouinrd. 
This  catt  be  attained  by  lasers  s*  a  fit  lined  against  a 
molecular  line  *  In  another  paper,'  a  scheme  is  given 
for  stabilizing  any  singlc-fmptrncy  laser  against  the 
center  «f  a  referenCi'  line  with  a  stability  of  about  otu- 
pt.rl  in  10".  dejx-nding  ott  the  poster  of  the  reference 
line.  It  employs  a  method  of  fringr  setting  which  is 
also  proposed  for  the  mirror  servo-controls  Instead 
of  setting  on  the  maximum  or  minimum  of  a  fringe. 


two  sets  of  fringes  are  produced  in  the  servo-inter¬ 
ferometer,  with  a  relative  shift  of  a  half  ->f  one  fringe 
width.  The  two  sets  of  fringes  thus  intersect  :it  regions 
of  large  slope,  and  the  intersection  of  the  shifted 
fringes  is  used  for  setting.  1‘sing  reasonable  param¬ 
eters,  namely  a  ttfciS  A  laser,  10'  *  W,  and  a  time 
constant  of  | O’"4  see.  it  is  calculated  that  a  precision 
in  position  of  .01  A  can  be  hath  Tilts  ran  lw  controlled 
bv  using  two  additional  position  eontrol*.  A  .Michel- 
son  interferometer,  both  of  whose  mirrors  are  mouuttd 
on  the  moving  mirror,  can  Ih*  used  in  zero-order  with 
radiation  from  a  tungsten  lamp,  and  if  the  intersection 
of  two  shifted  central  fringes  is  used  for  setting,  d is- 
plaremrnts  due  to  a  tilt  ran  !*•  !;•■**!  within  0-*  A. 
again  using  reasonable  parameters.  A  more  clulvuate 
arrangement  passes  tungsten  radiation  >ueee>sive!y 
through  two  Mielieisoe  interferometers.  eaeh  of  which 
Inis  a  mirror  on  one  edge  of  the  plane  mirrors  l*s  and 
I*j.  This  is  similar  to  Itauisa*.  ‘s  metlc-i*  of  r iiitrolling 
the  parallelism  -*f  a  Fabry -I’emt  interferometer,  and 
has  the  advantage  «f  automatically  Lis  ping  1’,  and  i*. 
parallel  to  each  other.  It  is  not  effective,  however,  at 
large  |iat!>  dilferi  nr.-v 

The  simplest  way  to  install  such  interferometric 
control  is  to  into  Miner-  collimated  beams  parallel  t<< 
the  direction  of  the  mirror  displacement .  There  may 
then  he  a  systematic  emu  m  the  psition  ..f  the  sam¬ 
pling  points  of  the  inlerfetogram.  since  at  diffrruit 
pi-iitiuns  of  the  moving  mim»r  its  beam  will  '  .!  on 
sliehtiy  different  portions  of  the  collimator,  if  the 
r*dbnu*t««r  bad  exactly  the  same  path  length  for  all 
ray*  this  would  do  n*»  barm.  Hut  the  pp-sehee  <>f 
aberratS'to.  which  can  lie  calculated,  of  .  (  figure 
errors,  which  must  be  measured,  will  intowturr  jH'iinr- 
bat  inns  into  the  path  iliffmiKv  !  lira’  must  is- 
rvalintol.  ami  if  m»t  negligible  they  must  be  corrected 
by  interpolation  of  the  measured  u«torfer»»gram 
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42-4  SIGNAL  AND  NOISE 

The  casual  reader  may  obtain  the  impression  from 
the  literature  that  Fourier  spectroscopy  offers  ad¬ 
vantages  when  the  predominant  noise  is  due  to  photon 
statistics.  It  seems  worthwhile  to  spend  a  little  time 
examining  this  subject,  if  only  to  justify  the  rest  of 
this  paper.  In  general,  note  that  photon  statistics  are 
always  present,  but  arc  masked  in  the  infrared  by  the 
less  efficient  detectors  available  there.  It  would  be  a 
paradox  if  a  method  were  degraded  just  because  the 
detector  is  improved. 

Consider  a  spectrum  consisting  of  a  single  narrow 
line,  of  wavenumber  a The  detector  (photomulti¬ 
plier)  is  considered  as  a  photon  counter,  with  a  back¬ 
ground  counting  rate  /i,  which  in  practice  should  not 
be  greater  than  about  1/sec.  (The  case  of  detector- 
limited  noise  is  obtained  by  making  B  much  larger 
than  the  signal  counting  rate.)  Impcrfectious  in  the 
instrument  will  reduce  the  modulation  of  the  inter- 
ferogram,  so  that  one  must  allow  for  a  visibility  Vi, 
which  will  be  taken  to  be  \  in  the  numerical  examples. 
If  Rx  is  proportional  to  the  peak  counting  rate,  the 
interferogram  after  correction  of  phase  errors,  is 


F(m  •  A/v)  =  (l+/Jr)[/?fd-/21f(H-l/1  cos  4t(X1m  AL)] 
=  (l+Pr)F0{m  •  A L), 

(42-5) 


where  t  is  the  time  of  measurement  at  each  of  the  N 
sampled  points  with  positions  L-m  -  A L,  and  Pr  is 
an  operator  which  gives  the  noise  in  the  interferogram, 
that  is,  gives  a  random  quantity  whose  rms  variation 
is  [E„(w  •  A/.)]*.  The  calculated  spectrum  is 


•V  — 1 

iS'(cr,)  =  ^(0)+2  £  F (n  ■  AL)  cos  Avon  AL  (42-0) 

«-l 


or 


■V-l 

-F2  2l  F0(n  •  A L)  cos  47r<r,n  A L 

n<m\ 

+P,{F0(Q)] 

.v-t 

+  L  2  cos  4jr<r,n  AL/'r[/'’o(«  •  AL)].  (42-7) 

H~l 


The  first  line  in  Kq.  (42-7)  gives  tlie  spectrum  signal, 
a  sine  peak  at  <r,  =ff lt  and  a  spurious  peak  at  <r,=0 
due  to  the  terms  (B+Ri)t  in  Kq.  (42-5).  The  spurious 
peak  '*>ni  be  removed  by  subtracting  from  F0  in  the 
first  line  of  Kq.  (42-7)  the  term  (B+R^l.  The  ampli¬ 
tude  of  the  sine  peak  is  ViNR1t=VlRiT,  where 
T  -  Nt  is  the  total  time  of  measurement.  The  total 
number  of  signal  counts  in  the  interferogram  is  R\T, 
of  which  a  fraction  Kj  is  effective  in  forming  the 
spectrum. 

The  term  (B+R^t  must  not  be  subtracted  from 
F0  in  the  second  line  of  Kq.  (42-7)  since  this  would 
remove  most  of  the  noise.  The  operator  P,  produces 
random  sign  as  well  as  random  magnitude,  and  the 
random  sign  effectively  removes  the  periodicity  due 
to  the  cosine  term  in  Kq.  (42-5).  Thus,  the  noise  in 
Eq.  (42-7)  is  independent  of  <r,.  If  V\  is  close  to  unity 
the  coefficient  of  Ryt  in  Eq.  (42-5)  can  be  approxi¬ 
mated  as  a  square  wave,  and  the  noise  in  Eq.  (42-7)  is 
the  sum  of  about  N/2  random  quantities  whose  mag¬ 
nitudes  have  an  rms  variation  of  [2l!(/i+2if2i)<]z, 
where  c  =  .64  is  the  average  of  the  absolute  value  of  the 
cosine.  The  noise  is  [c(fi+2I?i)T]z.  If  Kj  is  small  the 
cosine  term  in  Eq.  (42-5)  can  be  neglected  when 
calculating  the  noise,  which  then  is  the  combination  of 
N  random  quantities  whose  magnitudes  have  an 
rms  variation  of  [2c(B+/?i)f]z.  The  noise  is 
[2g(B+/2i)'jr]i.  Except  for  very  weak  spectra,  B  is 
small  compared  with  R\  in  the  HeUV  and  both  these 
noise  levels  equal  [1.3/?iT]4.  At  the  spectrum  peak 
the  signal-to-noise  ratio  is  about  0.9Fi[ftir]4.  The 
factor  0.9  cen  be  set  to  unity  without  affecting  the 
discussion. 

If  in  addition  to  a  strong  single  spectral  element,  as 
considered  above,  there  is  also  a  weaker  line,  also 
within  a  single  spectral  element,  with  a  counting  rate 
R',  its  presence  will  not  change  the  noise  level  appre¬ 
ciably,  and  it  will  have  a  signal-to-noise  ratio  of  about 
VR'{T/R\\%.  If,  in  order  to  be  reasonably  sure  of  not 
missing  such  a  weak  line  because  it  is  masked  by  the 
noise,  or  not  mistaking  a  noise  peak  for  a  spectrum 
peak,  the  weak  line  has  signal-to-noise  ratio  of  at  least 
three,  then  the  useful  range  of  intensity  in  the  spec¬ 
trum  is  V\{R\T)h/%.  If  instead  of  a  single  strong 
spectral  clement  there  are  M  strong  spectral  elements, 
of  average  counting  rate  Rm,  then  the  noise  level  in 
the  spectrum  is  about  (MRjnT)i,  and  the  useful 
intensity  range  is  about  V(RmT/M)1/3. 

A  criterion  for  the  accuracy  in  positioning  the  mov¬ 
ing  mirror  is  found  by  allowing  the  error  in  the 
interferogram  amplitude  due  to  a  position  error  e  to 
be  equal  to  (or  less  than)  the  uncertainty  due  to 
photon  noise.  Assume  that 


M 

F0(m  •  A L)  =  Rut  £  (l+F  cos  47r<r,w  A/>).  (42-8) 

1-1 


The  worst  error  due  to  L  being  m  •  AL— e  will  occur 
when  all  the  cosine  functions  have  the  phase  tt/2 
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(or  all  —  ir/2).  This  extreme  case  is  unlikely,  but  easy 
to  calculate.  Then  the  error  in  the  interferogram  is 


M 

R.iit  £  VATtJie^VAirMRuloe, 

«-i 


where  i  is  the  average  wavenumber.  The  total  photon 
count  is  MRiit,  and  the  photon  noise  is  (MRmI)1. 
Therefore, 


e  =  [±*oV{MR\tt)t]  1  (42-9) 


It  may  be  useful  to  consider  some  numerical  exam¬ 
ples.  Lacking  data  for  ultraviolet  sources,  consider 
the  calibration  of  the  instrument  by  measuring  the 
0.6  n  line  from  a  Kr-86  lamp.  The  slits,  however,  will 
be  chosen  to  fit  <r  =  10s  cm"'1,  with  Z)=4tr,  so  that 
i  of  the  entrance  and  exit  stop  areas  are  open.  If  the 
lamp  bore  has  a  diameter  of  3  mm,  and  is  imaged  1 : 1 
on  the  entrance  stop,  the  effective  entrance  area,  or 
source  area  is  .017  mm2.  The  instrument  accepts  a 
solid  angle  (5/200) 2,  or  1/1600  steradian.  The  source 
radiance5  is  0.3  W  •  m-2  •  sr-1,  so  that  3  •  10~12  W 
are  available.  Due  to  diffraction  of  .6  p  radiation  at 
the  4  p  slits,  only  £  of  the  power  incident  on  the 
entrance  and  the  exit  slits  will  be  effective,  reducing 
the  power  to  about  1C-13  W,  or  3  •  10s  photons/sec. 
With  a  trialkali  cathode  having  a  quantum  efficiency 
of  .05,  and  taking  V  =  £,  R  is  about  104  sec-1.  The 
line  has  a  half-width1’  of  .012  cm-1,  which  is  within 
the  resolution  limit  of  .02  cm-1  used  in  this  paper. 
Taking  T  =  103  sec,  the  signal-to-noise  ratio  of  the 
spectrum  peak  is  1500,  and  the  intensity  range  is  500. 
If  the  interferogram  is  sampled  at  103  points,  t  is  1  sec. 
The  position  tolerance  e  is  12  A.  With  the  same 
parameters  in  Eq.  (42-9),  except  with  <r  =  105cm-1, 
e  is  1.6  A. 

Now  consider  a  continuous  spectrum,  again  with 
Ru  - 104  sec-1,  but  with  M  =  104.  With  T=  103  sec, 
the  signal-to-noise  ratio  is  only  15,  and  the  useful 
intensity  range  is  5.  The  value  of  e  at  <r  =  10s  cm-1 
is  .002  A,  but  since  it  is  virtually  impossible  for  all  the 
phases  in  a  continuous  spectrum  to  coincide,  a  value 
of  .02  A  would  be  adequate. 

42-5  OPERATION 

The  operation  of  a  Fourier  spectrometer  in  the 
HeUV  differs' from  that  in  the  infrared  only  in  the 
nature  of  the  detector  and  in  the  relative  narrowness 
of  the  usable  spectral  band.  Measurement  of  radiative 
power  by  photon  counting  has  two  advantages.  A 
very  low  background  can  be  obtained,  and  the  mea¬ 


surements  arc  directly  in  digital  form.  There  is  a 
practical  limit  to  the  counting  rate,  about  104sec-1 
to  107  sec-1  depending  on  the  type  of  photomultiplier 
used.  Near  this  upper  limit  a  correction  must  be 
applied  for  pulse-coincidences,  and  above  the  limit  the 
anode  current  must  be  measured,  and  put  into  digital 
form. 

If  the  resolution  is  .02  cm-1  and  a  maximum  of  104 
spectral  elements  can  be  handled,  the  spectral  range 
is  200  cm-1.  In  the  HeUV  the  only  way  to  isolate 
such  a  narrow  band  is  by  using  a  grating  mono¬ 
chromator.  Unless  suitable  high-pass  (in  energy) 
filters  can  be  found,  perhaps  in  the  form  of  thin  foils, 
it  will  be  necessary  to  operate  the  grating  in  the  first 
order,  so  that  lower  energy  radiation  is  not  mixed 
with  the  desired  spectral  range.  The  higher  energy 
radiation  in  higher  orders  should  be  easily  removed 
using  low-pass  thin  foil  filters.  A  concave  grating  is 
preferred  since  it  uses  only  one  reflection.  Such  a 
grating,  with  1800  lines/mm,  and  blazed  at  3°,  will  be 
efficient  near  600  A  and  at  longer  wavelengths,  in  the 
first  order.  If  p,  its  radius  of  curvature,  is  1  m  the 
linear  dispersion  dtr/dy,  at  <r  =  105cm-1  is 
550  cm-1/mm,  so  that  a  band  200  cm-1  wide  will  be 
passed  by  an  exit  slit  whose  width  is  .36  mm.  When 
used  after  the  interferometer  shown  in  Figure  42-1 
the  entrance  slit  of  the  monochromator  is  the  exit 
stop  S2.  The  exit  slit  of  the  monochromator  must  be 
curved  to  match  the  curvature  of  S2.  If  the  latter  has 
a  radius  and  arc  length  both  equal  to  35  mm,  then  its 
sagitta  is  5  mm.  However,  the  grating  also  introduces 
some  curvature  into  the  image  of  its  entrance  slit, 
with  a  sagitta 


s~— tan  i(y2/p),  (42-10) 


where  t  is  the  angle  of  diffraction,  and  x  is  the  half- 
length  of  the  slit.  In  the  present  example  this  is 
0.3  mm,  and  the  curvature  of  the  exit  slit  must  be 
changed  accordingly. 

The  exit  slit  of  the  monochromator  cannot  be 
placed  arbitrarily  in  its  focal  plane.  Using  the  tech¬ 
nique  of  ‘aliasing,’  a  band  Sa  wide  need  be  sampled 
only  at  path  difference  intervals,  A P,  equal  to  N/ 267, 
where  N  is  the  integer  pa.,  of  a/ 6(7.  In  the  example 
just  considered,  N  is  500  and  A P  is  25  p.  But  if  this 
sampling  interval  v  .sed,  only  spectra  in  intervals 
from  <r  — icr  to  <r  will  be  aliased  correctly.  A  band 
containing  <r  will  show  overlapping.  Since  A P  is 
restricted  to  multiples  of  the  wavelength  X  used  with 
the  position-servo  interferometer,  there  will  always 
be  wavenumbers  which  cannot  be  correctly  aliased. 
The  only  solution  is  to  have  more  than  one  source  for 
the  position  interferometer.  The  avoidance  of  such 
‘forbidden  wavenumbers’  is  made  somewhat  easier 
if  A P  is  taken  to  be  the  wavelength  of  the  inter¬ 
ferometer  source.  There  are  two  other  advantages  of 
doing  this.  An  error  in  N  of  unity  gives  an  error  in  <r 
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of  2 5<r.  l’sing  \P-  \  gives  .V  about  .‘1  or  4,  and  an 
error  in  S  is  praetieally  impossible  When  .V  is  nOO 
an  error  of  ie,  although  unlikely,  is  more  possible. 
Hccall  that  the  analogous  quantity  for  the  echelon, 
the  order,  is  2  •  10s,  and  then,  apparently,  an  error  of 
unity  is  difficult  to  avoid.  When  &P  =  \,  a  wide  band 
spectrum  can  be  calculated,  at  low  resolution,  and 
checked  to  see  that  there  is  no  energy  outside  the 
desired  band.  The  interferogram  with  the  minimum 
number  of  points,  according  to  the  sampling  theorem, 
can  bo  obtained  from  the  redundantly  sampler!  inter¬ 
ferogram  by  mathematical  filtering. 

When  the  monochromator  is  used  after  the  inter- 
feropieter,  multichannel  operation  is  possible  by  using 
more  than  one  exit  slit  and  detector.  If  many  chan¬ 
nels  are  used,  this  becomes  expensive,  but  is  many 
orders  of  magnitude  less  expensive  than  building  as 
many  interferometers. 

42-6  CONCLUSION 

The  purpose  of  this  paper  is  to  decide  whether  or 
not  an  instrument  with  the  proposed  characteristics 
is  fciisible.  There  is  no  reason  to  believe  that  such  an 
instrument  will  be  built  in  the  near  future,  and  it 
seems  premature  to  worry  about  the  mechanical  and 
electronic  problems  that  will  arise  in  engineering  such 
an  apparatus.  The  problems  treated  here  are  optical, 
and  they  appear  to  have  satisfactory  solutions. 

A  real  instrument  need  not  have  the  dimensions 
that  were  assumed,  but  they  will  not  differ  from  these 
values  by  a  factor  more  than  2  to  4.  Fabricating  the 
multislits  may  be  difficult.  Possible  means  include 
chemical  etching  of  thin  foils,  using  a  photoresist 
which  can  be  exposed  through  a  lens  or  to  the  inter¬ 
ference  pattern  of  a  laser,  or  by  erosion  using  electron 
or  laser  beams.  If  satisfactory  multislits  cannot  be 
made,  then  single  slits  (Slj  and  Sl2  in  Figure  42-1) 
can  be  fabricated,  but  with  a  reduction  in  throughput 
of  almost  1/100.  This  would  make  the  instrument 
less  versatile  but  it  will  still  perform  satisfactorily 
with  sufficiently  strong  sources. 

In  ihc  signal-to-noise  ratio  calculations,  reflection 
losses  at  0.(i/i  were  neglected;  they  will  be  relatively 
small.  It  is  seen  that  to  maintain  a  good  signal-to- 
noise  ratio  with  dense  spectra,  the  integrated  intensity 
R T  of  each  spectral  clement  must  be  high.  This  is  due 
to  the  uniform  distribution  of  noise  in  the  spectrum, 
and  not  to  the  fact  that  photon  noise  predominated. 
Let  us  examine  a  case  where  detector  noise  pre¬ 
dominates.  This  can  be  simulated  by  making  the 
background  noise  in  the  interferogram,  large 

compared  with  R.yt,  the  signal  in  the  interferogram. 


Using  Rm  - 10*  sec-1,  which  gave  a  signal-to-noise 
ratio  of  1*>  in  the  eatlier  example  with  M  =  104,  and 
taking  t  =  10“ 1  sec  one  needs  (£<)!»  10:t,  say 
(Ztt)4  -  10s.  Then  /?  =  10 1 1  sec-1.  The  signal-to-noise 
ratio  is  about  Ru(T/B)h  when  F  is  one,  and  for 
Rm  =  104  sec-1  the  ratio  is  also  one,  so  that  the  spec¬ 
trum  is  useless.  For  the  same  conditions  and  a  signal- 
to-noise  ratio  of  100,  Rm  must  be  increased  to 
10*'  sec- 1 .  Whether  B  is  small  or  large  compared  with 
/?.«.  each  spectral  element  (or,  its  sinusoidal  modula¬ 
tion)  is  measured  for  the  total  time  T,  and  both  the 
advantages  and  disadvantages  of  multiplex  operation 
are  obtained. 

It  is  interesting  to  compare  the  preceding  examples 
with  the  performance  of  a  monochromator  with  a 
hypothetical  grating  of  equal  resolution,  or  with  a  real 
echelon.  For  simplicity,  assume  that  the  grating  has 
the  same  projected  area  as  the  split  mirror.  The 
angle  t  in  Eq.  (42-10)  then  has  a  tangent  equal  to  five, 
and  the  sagitta  equals  the  width  ic  when  the  slit  length 
is  about  2  mm.  Equation  (42-10)  is  not  a  very  good 
approximation  at  very  large  angles  i,  and  the  tolerable 
value  of  the  sagitta  will  depend  on  whether  or  not  the 
exit  slit  is  curved  and  on  how  much  i  changes  during 
a  scan.  Assume  that  the  grating  instrument  has  the 
same  throughput  as  the  interferometer  with  a  single 
slit.  Then  R  is  about  2  •  102  sec-1.  If  there  are  104 
spectral  elements  to  be  scanned  in  103  sec,  the  spectral 
signal  is  20  counts,  with  a  signal-to-noise  ratio  of  five. 
The  advantage  of  the  grating  instrument  is  its  ability 
to  measure  weak  lines  in  the  presence  of  strong  ones. 

One  tries  to  make  the  intensity  at  the  detector  as 
large  as  possible.  But  the  signal-to-noise  ratio  depends 
on  Fi?i,  for  the  case  where  photon  noise  predominates. 
If  increasing  R  results  in  a  decrease  in  V,  and  a  de¬ 
crease  in  VRi,  then  the  performance  of  the  instrument 
will  decrease.  7  the  use  of  rectangular  mirrors 
gives  the  maximui.  irea  of  the  P  mirrors  with  the 
maximum  width  of  the  slits.  But  it  may  be  that 
rectangular  mirrors  cannot  be  made  as  flat  as  round 
mirrors,  and  this  may  decrease  V,  so  the  round  mirrors 
may  be  preferable.  The  V  term  depends  on  the  wave- 
number,  and  the  evaluation  of  VRi  must  be  made  in 
the  region  of  interest. 

The  tolerance  e  on  the  mirror  position,  given  by 
Eq.  (42-9),  depends  on  the  time  used  to  measure  each 
point  of  the  interferogram.  Thus  the  tolerance  can 
be  increased  by  sampling  the  interferogram  at  more 
points.  The  value  .01  A  cited  for  the  position  error 
should  be  adequate  for  most  cases.  The  tilt  error  is 
less  critical,  and  a  displacement  due  to  tilt  of  .02  A 
is  more  than  adequate. 
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Abstract 


A  lamellar  grating  far-infrared  interferometer  has  been  used  in  the  frequency 
range,  8  to  70  GHz.  The  instrumental  modifications  necessary  to  operate  at  this 
low  frequency  range  are  discussed,  and  measured  spectra  of  some  microwave 
sources  are  presented.  The  operation  of  a  fast  response  time  GaAs  detector  is 
reported. 


43-1  INTRODUCTION 

A  lamellar  grating  far-infrared  interferometer  has 
been  used  to  study  the  harmonic  content  of  various 
microwave  signal  sources.  Spectra  of  devices  in  the 
frequency  range  from  8  to  70  GHz  (.27  to  2.3  cm-') 
were  recorded.  Some  solid  state  microwave  devices 
may  have  a  high  enough  harmonic  content  to  be 
suitable  as  sources  for  far-infrared  spectroscopy.  Also, 
knowledge  of  the  harmonic  content  of  these  devices 
is  useful  in  circuit  design  and  in  the  study  of  electron 
transport  phenomena.  This  paper  will  discuss  the 
operation  of  the  interferometer  at  these  wavelengths 
and  will  present  some  preliminary  results. 

43-2  DESCRIPTION  OF  INTERFEROMETER 

The  interferometer,  designed  for  use  in  the  far- 
infrared  spectral  region,1,2  contained  a  35-cm  square 
tempered  aluminum  lamellar  grating  with  a  grating 

•Thin  work  ww  supported  by  the  Air  Force  Systems  Command,  Rome 
Air  Development  Center.  (iriftis*  Air  Force  Hast,  N.Y.  with  supplementary 
support  from  the  Advanced  Research  Projects  Agency  through  the  Ma¬ 
terials  Science  (enter,  Cornell  University. 


constant  ot  .  .43  cm,  a  35  cm  diameter,  F :1.3  parabolic 
collimating  and  focusing  mirror  and  lightpipe  optics. 
The  optical  arrangement  is  sketched  in  Figure  43-1. 


FROM  SOURCE 


Figure  43*1.  Diagram  of  the  Optical  Arrangement  of  the 
Lamellar  Grating  Far-infrared  Interferometer 
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The  grating,  a  portion  of  which  is  translated  by  a 
stepping  motor  and  micrometer  screw,  splits  the  beam 
and  introduces  a  path  length  difference.  The  beams 
are  recombined  at  the  exit  slit  producing  a  variation 
in  output  with  path  difference.  This  interferegram  is 
the  Fourier  cosine  transform  jf  the  incident  radiation 
spectrum.3 

Operation  at  microwave  frequencies  required  a 
number  of  modifications  to  the  interferometer.  The 
1.27  cm  i.d.  lightpipe  was  replaced  by  X-band  wave¬ 
guide  as  indicated  in  Figure  43-1.  This  permitted  the 
use  of  X-band  sources,  because  the  cutoff  frequency 
of  the  lowest  order  mode  in  the  round  lightpipe  was 
about  15  compared  to  6.5  GHz  for  X-band 
waveguide.  It  was  also  found  that  the  right  angle 
bends  in  the  lightpipe,  which  were  formed  with  45° 
first  surface  mirrors,  caused  severe  reflections  above 
the  cutoff  frequency.  The  X-band  horns,  used  as  the 
entrance  and  exit  apertures,  had  the  effect  of  lowering 
the  maximum  frequency  to  500  GHz  (about 
17  cm-1).4 

Several  other  factors  need  to  be  considered  in  the 
operation  of  the  instrument  at  these  long  wavelengths. 
The  polarization  of  the  radiation  must  be  perpen¬ 
dicular  to  the  lamellae  of  the  grating  as  any  parallel 
component  will  be  reflected  since  the  wavelength  is 
comparable  to  the  grating  constant.5  A  piece  of 
absorbing  material  was  placed  near  the  center  of  the 
parabola.  Its  size  and  position  have  a  large  effect  on 
the  minima  of  the  interferogram.  The  resolution  is 
limited  by  the  thickness  of  the  lamellae  as  the  inter¬ 
ference  is  destroyed  at  the  longer  wavelengths  as  soon 
as  the  movable  portion  of  the  grating  becomes  un¬ 
meshed  from  the  fixed  portion. 

The  detectors  used  were  immersed  in  pumped  liquid 
He  at  the  end  of  a  section  of  thin-walled  stainless  steel 
X-band  waveguide.  Detector  elements  were  of  two 
types,  the  first  being  a  slice  of  a  2-W  carbon  com¬ 
position  resistor,6  the  second  being  a  piece  of  epitaxial 
GaAs.  They  were  mounted  on  microwave  absorbing 
material  at  a  nonperpendicular  angle  to  the  waveguide 
axis  to  prevent  reflections  from  causing  a  standing 
wave  or  entering  the  interferometer.  The  GaAs 
detector  was  similar  to  that  described  by  Stillman, 
et  al.,7  but  was  used  in  a  new  mode  of  operation  at 
high  bias  which  provided  nanosecond  response  times 
for  10-GHz  radiation.  This  detector  is  described  in 
detail  in  another  paper.8 

43-3  SPECTRUM  ERRORS 

Operation  of  the  interferometer  with  long-wave- 
length  coherent  sources  posed  a  number  of  problems 
in  obtaining  good  spectra.  The  principles  of  geometri¬ 
cal  optics  upon  which  the  instrument  was  designed 
begin  to  break  down  due  to  diffraction  effects  at  these 
wavelengths.  Standing-wave  and  interference  effects 
arise  because  of  the  coherence  of  the  sources  used. 

Because  the  spectra  obtained  in  this  frequency 
range  contained  errors,  the  convolution  method 
described  by  Forman  et  al.8  was  used  to  mathemati¬ 
cally  correct  the  interfcrograms.  This  method  involves 


computing  an  error  function  from  a  short  two-sided 
interferogram  and  convolving  it  with  the  data  to 
obtain  a  corrected  interferogram.  The  method 
produced  only  a  slight  improvement,  probably  because 
we  could  obtain  only  a  few  points  behind  the  zero  path 
difference  position  and  thus  did  not  get  a  good  esti¬ 
mate  of  the  phase  error  in  the  instrument.  Some  of 
the  errors  were  also  of  a  different  nature  which  this 
method  would  not  be  expected  to  correct. 

A  periodic  variation  in  transmitted  power  was 
observed  when  a  large  first  surface  mirror  was  taped 
to  the  grating  and  translated.  Some  of  this  variation 
was  found  to  be  due  to  stray  reflections  which  were 
reduced  by  covering  all  expos  1  metal  surfaces  with 
microwave  absorbing  material  (Emerson  and  Cum- 
ming  AN73). 

Since  this  did  not  eliminate  the  variation  in  trans¬ 
mitted  power  with  the  mirror  placed  over  the  grating, 
the  possibility  of  Fresnel  zone  interference  between  the 
microwave  horns  was  investigated.10  This  effect  is 
due  to  interference  produced  at  a  point  in  space  by 
the  fixed  phase  relationship  between  points  on  a 
coherently  illuminated  aperture.  Fresnel  interference 
usually  occurs  at  distances  of  a  few  wavelengths  from 
the  aperture,  but  it  was  felt  that  this  effect  might  be 
significant  in  our  case  due  to  the  imaging  properties 
of  the  interferometer.  In  order  to  evaluate  this  effect, 
a  computer  program  utilizing  Kirchoff  integrals  to 
trace  the  radiation  through  the  instrument  was 
written.  The  program  assumed  a  TE 1 0  mode  distribu¬ 
tion  of  1  cm  wavelength  radiating  spherically  from 
the  entrance  horn,  and  calculated  the  electric  field  at 
the  exit  horn  aperture.  The  field  distribution  across  a 
horizontal  line  at  the  center  of  the  exit  horn  for 
various  positions  of  an  imaginary  mirror  in  front  of  the 
grating  is  plotted  in  Figure  43-2.  The  distribution 
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Figure  43-2.  Computed  Klootrie  Field  Distribution  Arrow 
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varies  with  a  period  corresponding  to  a  half  wave¬ 
length  change  in  the  optica!  path  between  entrance 
and  exit  horns.  The  amplitude  of  the  variation  is 
comparable  to  the  smallest  variation  in  output  power 
with  mirror  position  that  has  been  observed. 

43-4  SPECTRA  OF  MICROWAVE  SOURCES 

The  instrument  performance,  as  indicated  by 
spectra  of  various  microwave  sources,  deteriorates 
with  decreasing  frequency.  Figure  43-3  is  the  spec- 


content.  A  section  of  V- band  (50-75  GHz)  wave¬ 
guide,  which  acts  as  a  34  GHz  high-pass  filter  was 
subsequently  added,  and  no  output  was  found.  Thus, 
the  indicated  harmonic  content  is  due  solely  to  in¬ 
strumental  error-.  A  later  spectrum,  taken  after 
further  addition  of  microwave  absorbing  material  to 
the  instrument,  showed  about  half  the  harmonic 
content  of  Figure  43-4.  The  negative  values  near  zero 
frequency  are  due  to  incorrect  calculation  of  the 
average  value  of  the  interferogram.11 

The  spectrum  of  a  10  GHz  klystron  (F'igure  43-5) 
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Figure  43-3.  Spectrum  of  a  05  GHz  Klvstron 
(1  em'>-30<!Hz) 


Figure  43-5.  Comparison  of  the  Amplitude  and  Cosine 
Spertra  of  a  10  GHz  Klystron 


truni  of  a  I  >5  GHz  klystron.  The  indicated  second 
harmonic  [rower  of  about  4  percent  of  the  fundamental 
was  higher  than  expected,  but  this  may  be  a  harmonic 
or  instrumental  error.  The  27  GHz  klystron  spectrum 
of  Figure  43-4  indicates  significantly  more  harmonic 


Figure  13-t 


indicates  a  large  harmonic  content  which  is  also  known 
not  to  exist.  When  a  nonreflecting  high-pass  filter 
circuit  was  inserted  between  the  klystron  and  the 
instrument,  no  output  could  be  detected. 

Inspection  of  the  speum  of  devices  operating  in 
the  vicinity  of  10  GHz  indicated  what  appeared  to  be 
phase  shifts  in  the  interferogrums.  Because  the 
convolution  technique  could  not  be  used  to  correct 
these,  the  amplitude  sjrectrum,  that  is,  the  square 
root  of  the  sum  of  the  squares  of  the  cosine  and  sine 
transforms,  is  overplotted  in  F’igure  43-5  for  com¬ 
parison.  This  ty|re  of  s|rcrtrum  appears,  in  some  cases, 
to  be  a  more  reasonable  approximation  than  the  cosine 
transforms. 

An  X-band  Limited  Spacocharge  Accumulation 
(l-SA)  device13, 1:1,1 4  s|>ectruni  (Figure  43-11)  indicates 
a  larger  harmonic  content  than  that  of  the  klystron. 
The  I*SA  device  is  a  GuAs  diode  in  which  microwave 
oscillations  are  prodtired  as  a  result  of  electron  trans¬ 
fer  between  conduction  band  minima.  When  the 
high  (rass  filter  was  inserted,  [rower  at  the  second 
harmonic  was  detected,  and  this  filtered  spectrum  is 
overplotted  in  Figure  43-<i.  On  an  absolute  scale,  the 
peak  value  of  the  filtered  spectrum  corresponds  to 
nbout  (>  percent  of  the  peak  value  of  the  full  spectrum. 
The  ratios  of  the  second  to  third  harmonics  in  the 


S|n>i-trum  of  a  27  tillz  Klystron 
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Figure  43-6.  Spectra  of  an  X-band  LSA  Device.  The 
dashed  line  is  the  spectrum  of  the  device  operating  through 
a  nonreflecting  high  pass  Alter 


filtered  and  unfiltered  spectra  are  roughly  equal.  The 
large  indicated  fourth  harmonic  in  the  filtered 


spectrum  is  probably  instrumental  error  as  this  is  the 
second  harmonic  of  the  peak  value. 

The  LSA  devices  were  pulse  operated  to  prevent 
destruction  due  to  heating.  The  pulse  widths  were 
1  psec  at  2000  pulses  per  sec.  The  data  were  recorded 
with  the  GaAs  detector,  several  wide-band  amplifiers, 
and  a  boxcar  integrator. 

43-5  CONCLUSIONS 

While  the  use  of  this  instrument  at  microwave 
frequencies  is  not  without  problems,  it  is  a  useful  way 
to  get  information  over  a  broad  frequency  range.  The 
grating  will  successfully  modulate  radiation  as  low  in 
frequency  as  X-band.  Thus,  when  used  with  suitable 
high  pass  filters,  information  as  to  the  magnitude  and 
frequency  of  harmonics  of  microwave  devices  can  be 
obtained,  even  without  doing  a  Fourier  transform. 
At  higher  millimeter  wavelengths  the  instrument  can 
be  used,  with  some  precautions,  in  its  normal  mode  of 
operation.  The  use  of  the  fast  GaAs  detector  allows 
the  investigation  of  pulsed  devices.  This  investiga¬ 
tion  is  not  practical  with  the  usual  thermal  bolometers. 
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Abstract 


The  conventional  spectrograph  is  compared  .vith  a  photographic  interferometer 
where  fringes  are  recorded  instead  of  dispersed  spectral  lines.  It  is  shown  that  if 
preexposure  is  not  required,  a  photographic  Fourier  transform  produces  a  gain  in 
exposure  time  hut  with  a  corresponding  loss  in  signal-to-noise  ratio  in  the  same 
maimer  as  a  photomultiplier. 


44-1  INTRODUCTION 

Multiplex  methods  give  an  important  improvement 
in  the  signal-to-noise  ratio  of  a  spectrum  when  the 
noise  is  produced  only  by  the  receiver.  This  ad¬ 
vantage  vanislu's  in  some  cases  when  the  noise  is 
caused  by  photon  noise  in  the  signul  that  impinges 
on  the  receiver.  In  the  analysis  by  R.  ('.  Jones,1  the 
photographie  receiver  was  considered  to  produce  a 
noise  with  the  same  properties  as  infrared  cells. 
Consequently,  the  photographic  detector  might  be 
able  to  give  a  significant  enhancement  in  signal-to- 
noise  ratio  if  a  multiplexing  method  is  used. 

If  preexposure  is  not  required,  a  photographic 
Fourier  transform  produces  a  gain  in  exposure  time 
but  with  a  eorre>|M>nding  loss  in  signal-to-noise  ratio 
in  the  same  manner  as  a  photomultiplier. 

44-2  SlGNAl-TO-NOISE  RATIO  IN  A  PHOTOGRAPHIC 
DENSITY  MEASUREMENT 

The  n'N|s'i>M‘  of  a  photographic  emulsion  is  not 
linear,  and  the  signal-to-noise  ratio  is  not  directly 


observable  on  a  densitomctric  trace.  Let  v  be  the 
slope  of  the  Hurtcr-Drifficld  curve 


Z)-Y(logn),  (44-1) 


where  n  is  the  number  of  photons  received  per  unit 
urea  on  the  plate. 

The  uncertainty  in  that  corresponds  to  an  error 
SD  of  the  de.isity  measurement  is  (Figure  44-1) 


In  the  following  approach,  a  wclt-known  result  for 
the  error  61).  in  a  measurement  of  an  area  S  of  the 
plate  is  used.  This  is  given  by  Selwyn’s  law*  which 
state's  that  6t)  for  a  given  density  is  proportional  to 
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Figure  44-1.  Derivation  of  Signal-to-N'oise  Ratio  n/in 
f  m  Hurter  and  Driffield’s  Curve 


the  inverse  of  the  square  root  of  S.  If  SD  is  the  error 
for  a  unit  area  of  the  plate  caused  by  the  granularity, 
the  error  for  an  area  S  is  then 


(44-3) 


This  error  is  t  insisted  into  an  uncertainty  in  the 
measurement  of  the  total  number  of  photons  received 
on  the  area  S  by 


aAT-SX«n-~  ~^SDs/S.  (44-4) 


The  signal-to-noise  ratio  will  then  be 


N  nS  y  /{J  ,,, 

pm  tSm  iffm  »D^S'  (44*5) 


The  value  of  iD  depends  on  the  average  density 
D.  It  is  necessary,  in  a  given  experiment,  to  cHocmc 
the  exposure  time  or  the  illuminated  area  of  the  plate 
in  such  a  way  that  the  final  density  will  be  D0,  for 
which  the  efficiency  (more  exactly  the  detective 
quantum  efficiency3,4)  of  the  plate  has  it*  highest 


value.  Experimental  comparison  only  is  possible 
between  two  experiments  done  with  two  plates  of 
different  characteristics,  or  with  two  identical  plates 
used  at  different  densities,  but  a  theoretical  com¬ 
parison  is  possible  between  two  experiments  using  the 
same  emulsions  and  working  at  the  same  density. 
The  signal-to-noise  ratios  are  calculated  from  Eq. 
(44-5)  and  the  exposure  times  are  derived  from  photo¬ 
metric  data,  assuming  validity  of  the  reciprocity  law. 

44-3  COMPARISON  BETWEEN  A  CONVENTIONAL 
SPECTROGRAPH  AND  A  PHOTOGRAPHIC 
INTERFEROMETER 

Let  us  consider  a  conventional  spectrograph  that 
uses  a  prism  or  a  grating  as  the  dispersive  element. 
The  exit  pupil  area  is  «S,.  The  output  beam,  divided 
into  k  equal  parts  corresponding  to  k  spectral  ele¬ 
ments,  is  incident  on  a  plate  of  area  S.  If  F  is  the 
focal  length  of  the  system,  then  the  output  optical 
acceptance  U  is  given  by 


Q,  (44-6) 


where  0  is  the  solid  angle  of  the  beam  impinging  on 
the  plate.  Since  the  beam  is  dispersed  into  k  spectral 
elements,  the  input  optical  acceptance  is  only 
(Figure  44-2) 


Ui-j-  (44-7) 


Figufr  44-2.  (‘om|Ktriaon  Ifc-twwn  C.txmtrtrH'nl  I'u.mi- 
riPI*  of  ll*r  Intrffrronirlrr  ami  (hr  Spcr|n>*i-n|di 
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Let  us  now  consider  a  two  beam  interferometer 
producing,  in  the  same  area  S  of  an  identical  plate, 
straight-line  fringes  which  are  analyzed  later  by  a 
Fourier  transform  method,  as  has  been  suggested  by 
several  authors. 3  ,1,7  In  order  to  have  instruments 
that  can  be  compared,  we  take  the  same  value  of  the 
plate  area  S,  of  the  pupil  area  <S,  and  of  the  solid  angle 
ft  of  the  output  beam.  In  this  case,  the  input  optical 
acceptance  for  the  interferometer  is  the  same  as  the 
output  acceptance  Furthermore,  it  is  not  spatially 
divided  by  any  disperser. 

44-3.1  Single  Line  Case. 

44-3.1.1  SPECTROGRAPH 

Let  B  equal  the  number  of  photons  emitted  by  the 
source  per  unit  time  and  unit  optical  acceptance,  and 
T  equal  the  exposure  time.  Then  the  number  of 
photons  n  received  on  the  spectrograph  plate  per 
unit  area  of  the  slit  image  will  be 


The  density  measurement  of  D0  is  done  on  an  area 
S/2  of  the  plate,  f  The  signal-to-noise  ratio  is  there¬ 
fore 


"-ikyli-  (44-“> 


44-3.2  Continuous  Spectrum 

Let  us  assume  now  that  the  k  spectral  elements 
have  equal  luminance  B.  There  is  actually  a  spectral 
luminance  B(X)  which  is  a  constant  determined  by  the 
condition 


B=  [  B(\)d\.  (44-12) 

J  tx 


n  =  BU-T. 


If  »i0  is  the  value  of  »  that  gives  the  optimum 
density  D0,  the  corn's  ponding  exposure  time  is 


44-3.2.1  SPECTROGRAPH 
The  number  of  photons  received  by  the  plate  is  the 
same  as  in  the  previous  case.  The  exposure  time  is 
To  and  since  each  spectral  element  is  independent  of 
the  others,  the  signal-to-noise  ratio  has  the  same  value: 


y  Is 

p*"M>oViT 


(44-13) 


To¬ 


ne 

B  U  ‘ 


(44-9) 


According  to  Kq.  (44-3),  the  signal-to-noise  ratio 
obtained  by  measuring  the  density  at  the  slit  image 
will  then  be 


44-3.2.2  PHOTOGRAPHIC  INTER¬ 
FEROMETER 

In  the  interferometer,  the  number  of  photons 
received  per  unit  area  of  the  plate  is  multiplied  by 
4/2,  because  the  k  spectra)  elements  overlap  over  the 
entire  area  of  the  plate,  and  they  are  transmitted  with 
a  factor  J  that  arises  from  the  interference  fringes. 
The  exposure  time  needed  to  obtain  the  average 
density  Do,  assuming  the  validity  of  the  reciprocity 
law,  is 


(14-10) 


(44-14) 


In  Kq.  (44-10)  L  is  the  number  of  spectral  elements 
that  could  be  present,  but  there  is  only  a  single  line 
in  this  ease. 

44-3.1  2  PHOTOGRAPHIC  INTER¬ 
FEROMETER 

As  ran  be  stii  from  Kq  (44-M.  the  illumination 
of  the  plate  in  a  bright  fringe  is  the  same  •  s  that  of  the 
slit  image  in  the  specln<graph\  and  tb>  time  needed 
to  obtain  the  density  l)„  is  T„. 

*  TKw  *•  *  r-sr  !«■#  •  mi  •  srh  half  J  IW  light 

l«««  Nbri  *  .«  (U  |«  t  \  |srs  .4  Mitrfin-  *•«**%  thr  NwUmss 

tlw  (fu«r*  »*  tSKV  that  <4  *  hrt  ,«r, 


The  signal  corresponding  to  each  spectral  element 
is  now  the  amplitude  of  a  density  pattern  of  a  given 
spatial  frequency.  Assuming  oner  more  a  square 
modulation,  this  signal  AO  is  the  difference  between 
two  densities 


D|  -  D„+“''  and  D,-  D0-“J'  (44-13) 


*  tw  f  lwr  4  m  twqfp  o—lwlliawg  -  mtonnml.  »  piiwiii  U1  yflgfn 
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each  measured  on  a  plate  area  S/2. 
The  density  error  for  each  one  is 


of  a  camera  lens  of  y/k  times  greater  aperture,  that  is, 
with  the  same  pupil  area  and  a  VA  times  shorter  focal 
length.  The  results  of  the  comparison  i.f  the  two  in¬ 
struments  are  given  in  Figure  44-3. 


sD = &Dq 


(44-16) 


and  the  signal-to-noise  ratio  is 


_  AD  \/S 
pt  SD  SD0  2 


(44-17) 


The  signal  amplitude  D  is  given  by  the  modulation 
of  a  given  spectral  element.  As  n0  is  the  average  total 
number  of  photons  received  per  unit  area  of  the 
plate,  this  modulation  is  given  by 


An 


2 n0 
lb 


(44-18) 
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Figure  44-3.  The  Results  of  Comparison  Between  the 
Two  Instruments 
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photons  per  unit  area.  Hence,  the  signal  AD  is 


(44-19) 

* 


and  then  the  signal-to-noise  ratio  is 


y  VS 

I0o 


(44-20) 


A  comparison  of  this  last  expression  with  Eq. 
(44-13)  shows  that,  when  the  spectrum  is  continuous 
with  constant  spectral  luminance  A),  the  inter¬ 
ferometric  method  (which  provides  a  greater  amount 
of  light  and  consequently  allows  a  shorter  exposure 
time)  leads  to  a  aignal-to-notar  ratio  for  one  spectral 
element  roughly  that  of  the  conventional  spectro¬ 
graph  *c  method  divided  by  the  square  root  of  the 
gain  of  exposure  time.  This  result  might  be  achieved 
in  the  same  conventional  spectrograph  with  the  tow 


44-4  CONCLUSIONS 

Recording  fringes  instead  of  dispersing  lines  albws 
shorter  exposure  times  for  a  given  plate  area  and  a 
given  solid  angle  of  the  output  beam,  but  this  opera¬ 
tion  reduces  the  signal-to-noise  ratio  available  from 
the  plate  if  there  are  many  spectral  elements  in  the 
spectrum. 

This  result  can  be  interpreted  by  the  quantum 
nature  of  the  photographic  noise;  the  noise  being 
produced  by  the  photon  noise  of  the  whole  spectrum 
while  a  single  spectral  element  is  measured.  This 
conclusion  agrees  with  a  more  general  result  ob¬ 
tained*  as  a  direct  consequence  of  {Selwyr’s4  law. 
The  noise  observed  in  a  photographic  drnsitv  mea¬ 
surement  for  the  optimum  value  of  the  density  is 
determined  by  the  same  laws  as  the  photon  noise 
observed  with  a  photomultiplier.  Findings  of  this 
investigation  do  not  disagree  with  Jones's  classifica¬ 
tion  because  he  studied  the  detectivity  of  a  plate, 
defined  by  the  minimum  detectable  power  for  a  given 
exposure  time.  F rider  such  conditions  it  is  nccesqvry 
to  preexpose  the  emulsion,  and  the  noise  produced 
by  the  parasitic  beam  used  for  the  preexposure  acts 
like  the  constant  fluctuations  of  a  noisy  detector. 
The  consequence  for  multiplex  spectroscopy  with 
photographic  detection  is  quite  similar  to  findings  in 
an  experimental  study  of  pholocrnphir  gnd  spectros¬ 
copy. 

However,  surh  multiplex  use  of  a  plate  has  several 
advantages. 


(1)  If  preexposure  should  be  necessary,  it  is 
preferable  to  use  a  grid  or  a  multiplex  method  because 
preexposure  is  then  achieved  with  the  light  of  the 
spectral  elements  being  studied,  instead  of  using  a 
parasitic  beam  which  simply  contributes  noise. 

(2)  Even  if  theoretical  improvement  in  signal-to- 
noiso  ratio  cannot  be  expected  (when  many  elements 
are  present),  it  is  not  possible  with  a  great  number  of 
lines  of  different  brightness  to  obtain  in  a  single 
exposure  the  optimum  value  of  density  for  each  of 
them.  This  is  possible  with  an  interferogram  for 
which  (the  zero  path  difference  excepted)  the  illu¬ 
mination  of  the  plate  is  much  more  homogeneous. 
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4.  Jones,  R.  C.  (1958)  Phot.  Sc.  Eng.  2:  57. 

5.  Lowenthal,  S.  Optics  Communications,  to  be 
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Such  a  low  dynamic  range  can  be  obtained  with 
better  linearity  of  the  emulsion’s  response. 

(3)  A  distinct  advantage  results  when  the  spec¬ 
trum  has  few  spectral  elements:  the  slit  of  a  spectro¬ 
graph  uses  only  a  small  part  of  the  area  of  the  plate. 
In  such  a  case,  the  interferometer  makes  belter  use 
of  the  information  capacity  of  the  plate  in  addition  to 
achieving  a  gain  in  the  transmitted  flux. 

This  investigation  was  done  as  part  of  a  contract 
with  the  “Direction  des  Recherches  et  Moyens 
d’Essais.  ” 


References 

6.  Prat,  R.  Opt.  Act.,  to  be  published. 

7.  Stroke,  G.  W.  (1967)  J.  Phys.  28,  C2. 

8.  Yoshihara,  K.,  and  Kitade,  A.  (1967)  Japan. 
J.  Appi  Phys.  ^ :  116. 

9.  Bouchareine,  P.  Opt.  Act.,  to  be  published. 

10.  Bouchareine  P.,  and  Jacquinot,  P.  (1967) 
J.  Phys.  28,  C2. 


425 


Content* 


45-1  Introduction  425 

45-2  Multiplex  Grille  Spectrometer  425 

45—3  ‘Air  Wedge  Fringes'  Interferometer  427 

References  42, S 


45.  Devices  for  Multiplex  Stellar  Spectroscopy 


Andre  Girard 

C.’flce  Notional  d'Ehidei  rf  d«  R«ch*rchej  Aermpatides  (ONERA) 

92-ChoKIIon,  France 


Abstract 


Two  devices  for  stellar  spectroscopy  are  described:  a  conventional  disperser 
type  (with  grille)  and  an  interferometer  with  no  internal  moving  parts.  Both  of 
these  devices  have  potentials  for  space  applications.  Preliminary  results  of  black- 
body  radiation  obtained  with  the  grille  spectrometer  are  presented.  The  first 
stellar  spectrum  of  aORI  obtained  with  the  interferometer  from  the  Jungfraujoeh 
observatory  is  also  presented. 


45-1  INTRODUCTION 

Of  the  two  well-known  advantages  of  Fourier  spec¬ 
troscopy  (the  spatial  one  of  high  optical  acceptance, 
and  the  time  one  of  multiplex  operation),  the  second 
one  is  of  particular  importance  in  the  case  of  stellar 
spectroscopy,  as  the  optical  extent  (or  itendue)  of  the 
beam  is  generally  much  smaller  than  the  optical 
acceptance  of  an  ordinary  interferometer.  Simple 
devices  can  thus  be  designed  for  stellar  spectroscopy, 
especially  if  the  requisite  number  of  spectra!  elements 
is  not  very  large. 

Even  including  turbulence  phenomena,  the  through¬ 
put  (Jaequinot)  advantage  or  space  advantage  given 
by  an  interferometer  is  not  generally  fullfilled  in  stellar 
spectroscopy.  The  other  one,  the  multiplex  (Fcllgett) 
advantage  or  time  advantage  is  intrinsic  in  this  case 
as  usual. 

Both  devices  described  here  have  been  studied  with 
this  in  mind  and  also  with  a  view  toward  applications 
where  the  required  number  of  spectral  elements  is 
moderate  (a  few  hundred).  Under  these  conditions, 
the  expected  value  of  multiplex  advantage  is  between 
10  and  30.  Thus,  the  price  paid  for  this  gain  must  not 
be  too  high.  Simple  devices  are  required. 


45-2  MULTIPLEX  GRILLE  SPECTROMETER 

The  mu.tiplex  grille  spectrometer  uses  the  optical 
working  principle  of  a  standard  spectrometer.  Upon 
dispersion  by  a  prism  or  a  grating,  the  star  spectrum 
is  linearly  displayed  in  the  focal  plane  of  the  exit 
collimator.  It  is  now  intended  to  investigate  the  spec¬ 
tral  intensity  distribution  along  this  line.  The  prob¬ 
lem  considered  can  be  treated  as  a  special  case  of  a 
multiplex  image  analysis  method.1,2'3 

The  linear  distribution  of  luminance  is  analyzed  by 
modulating  each  point  of  the  line  with  a  time  fre¬ 
quency,  itself  a  linear  function  of  the  point  abscissa  on 
the  line.  This  is  achieved  by  placing,  in  the  same 
plane,  a  grille  with  alternate  opaque  and  transparent 
zones  limited  by  equilateral  hyperbolas  (Figure  45-1). 
The  grille  is  translated  at  uniform  speed  perpendicu¬ 
larly  to  the  line  under  analysis.  This  linear  motion 
can  be  converted  into  a  rotating  motion  by  using  an 
appropriate  zone  distribution.2,3.  The  signal,  which 
is  a  function  of  time,  is  the  sum  of  elementary  sinusoi¬ 
dal  contrbutions  from  all  spectrum  elements  along 
the  line. 

The  principle  underlying  this  spectroscopic  device 
is  similar  to  the  theory  governing  interferometric 
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Figure  4.5-1.  Grille  Showing:  D  •Scanning  Direction, 
I.  =  Lino  I'mlor  Analysis 


This  can  be  a  major  disadvantage  when  a  high- 
sensitivity,  cooled  infrared  detector  is  used.  This 
drawback  is  obviated  by  a  second  subtractive  dis¬ 
persion  equal  to  the  first;  in  this  way  the  optical 
acceptance  of  the  beam  is  restored  to  its  initial  value. 

The  main  advantage  of  this  device  lies  in  the  fact 
that  the  margin  of  tolerance  required  for  adjustments 
and  mechanical  motions  lies  within  a  fraction  of  the 
smallest  step  Pm  of  the  grille  instead  of  covering  a 
part  of  the  wavelength  as  in  the  standard  inter¬ 
ferometric  case. 

The  main  characteristics  of  the  experimental  device 
under  review  are  as  follows: 


Spectral  interval:  1  p  to  2p 
Disperser:  Flint  prism 
PbS  cell :  1  mm2 
<U,-30mmj 


Fourier  spectroscopy.  For  instance,  the  zero-path- 
difference  position  is  obtained  when  the  common 
asymptote  of  the  set  of  hyperbolas  is  superimposed  on 
the  line  under  study.  However,  some  specific  problems 
do  arise  here.  In  practice,  the  transparency  law  gov¬ 
erning  the  grille  is  not  a  sinusoidal  law,  so  that  odd 
harmonics  of  the  main  frequency  occur  in  the  signal. 
This  difficulty  isovercc  me  by  limiting  the  fundamental 
frequency  range  to  the  interval  lying  between  vm,  the 
maximum  frequency,  and  i\i//3  (Figure  45-1).  Thus, 
the  first  harmonic  of  the  lower  main  frequency 
(that  is,  3  — (pji/3)),  lies  just  outside  the  useful  fre¬ 
quency  range.  It  is  easy  to  demonstrate  that  the 
number  of  discrete  spectral  elements  is 
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The  apodized  instrumental  function  is  shown  in 
Figure  45-2.  Residual  defects  are  probably  due  to 
irregularities  in  the  original  drawing  of  the  grille. 


Figure  4.r  2.  Apodized  Instrumental  Function 


where  A.y  is  the  maximum  value  of  translation  and 
Pm  is  the  smallest  interval  of  the  grille. 

The  total  resolving  power  of  the  system  depends 
upon  (and  is  at  most,  equal  to)  the  resolving  power  of 
the  spectrometer  preceding  the  grille;  it  can  be  very 
high  for  a  narrow  spectral  interval. 

The  optical  tftendue  of  the  beam  emerging  from  the 
telescope  is  greatly  enlarged  by  the  dispersing  system. 


Figure  45-3(a)  shows  the  record  and  Figure  45-3(c) 
shows  the  computed  spectrum  for  a  blackbody  source 
at  900°C.  Between  these  two  curves  Figure  45-3(b) 
show's  the  spectrum  obtained  by  the  conventional  slit 
method,  in  the  same  length  of  time  and  with  equal 
resolving  power. 
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Figure  45-3.  Blackbody  Source  at  900°  C;  a:  multiplex 
record,  b:  recorded  spectrum  obtained  with  a  slit,  c:  com¬ 
puted  spectrum  from  curve  ‘a’ 


45-3  "AIR  WEDGE  FRINGES"  INTERFEROMETER 

In  stellar  spectroscopy,  the  optical  acceptance  of  an 
interferometer  is  generally  much  larger  than  is  neces¬ 
sary  for  the  beam  from  the  telescope.  For  instance, 
the  optical  acceptance  of  a  Michelson  interferometer 
equipped  with  mirrors  50  inm  in  diameter  is  7  mm  rad 
for  a  path  difference  of  100A,  as  compared  with 
0.09  mm  rad  for  the  beam  from  a  600  mm  diameter 
telescope  of  low  optical  quality  (30  sec  of  arc). 

Accordi cgly,  a  standard  interferometer  is  too  power¬ 
ful  an  instrument  for  stellar  spectroscopy.  This 
applies  even  more  to  field  widening  facilities.4  Thus, 
in  a  stellar  interferometer,  the  useful  area  of  the 
mirrors  can  be  reduced  to  a  very  small  portion  of  their 
actual  area.  This  characteristic  is  used  in  the  inter¬ 
ferometer  described  below. 

In  this  unit,  which  is  of  the  Michelson  type,  the 
plane  mirror  in  one  arm  is  of  a  fixed  off-axis  design, 
consistent  with  the  well-known  “air  wedge  fringes” 
adjustment.®  Thus,  the  path  difference  changes 
linearly  in  the  plane  of  localized  fringes.  With  the  star 
image  focused  in  this  plane  on  an  area  smaller  than  a 
half-interfringe,  the  Fourier  transform  of  the  spectrum 
is  obtained  by  sliding  the  interferometer  as  a  whole 
perpendicularly  to  the  system  of  equidistant  fringes. 

The  interferometer  incorporates  no  moving  part; 
it  is  a  compact  solid  rectangi '  a-  block  of  four  bonded 
elements  (Figure  45-4).  Internal  elements  1  and  2, 
arranged  on  either  side  of  the  beam-splitter  coating  S, 
are  made  of  the  same  material  (refractive  index  n), 
while  external  elements  3  and  4  are  made  of  another 
material  (refractive  index  n').  Figures  45-5(a)  and 
45-5(b)  show  the  end  cross  sections  of  the  interferom- 
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Figure  45-4.  “Air  Wedge  Fringes"  Interferometer 


o  b 


Figure  45-5.  “Air  Wedge  Fringes”  Interferometer.  End 
cross  sections 


eter.  As  can  be  seen,  each  of  elements  2  and  4  has 
equal  respective  cross  sections  all  along  us  length, 
while  elements  1  and  3  vary  in  thickneso.  The  values 
of  e  and  l,  thickness  differences  in  the  two  end  cross 
sections  respectively  for  elements  I  and  3,  are  defined 
by  two  elementary  conditions: 


nl+n'e~  A/2 


and 


n'l+ne-Q,  (45-2) 


where  A  is  the  path  difference  required.  The  second 
equation  is  the  field  widening  condition.  In  this  way, 
a  very  large  aperture  is  obtainable  for  any  path 
difference. 
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.  ASSEMBLING  -  POSITIONING 
WEDGE  WEDGE 


Figure  45-6.  Fiuorite-air  “Air  Wedge  Fringe*”  Inter¬ 
ferometer 
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Figure  45-7.  Apodized  Instrumental  Function 
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In  the  interferometer  used  for  stellar  observa¬ 
tions  (Figure  45-6),  field-widening  compensation  is 
achieved  by  combining  a  fluorite  prism  and  an  air 
wedge.  The  measurements  of  the  interferometer  are 
18X18X80  mm.  The  resolution  obtainable  is  300 
at  2p. 

The  stellar  spectrometric  device  as  a  whole  will  be 
described  in  a  later  publication.  Figure  45-7  shows 
the  apodized  instrumental  function.  Figure  45-8 
represents  the  first  stellar  result  obtained.  This 
spectrum  of  aORI  was  produced  at  the  Jungfraujoch 
observatory’  in  Switzerland  using  a  760  mm  diameter 
telescope.  It  is  uncorrected  for  sky  emission  or 
atmospheric  transmission. 

The  main  feature  of  this  interferometer  is  its  fool¬ 
proof  safety  against  midadjustment.  While  this  is  no 
major  advantage  for  observatory  work,  it  is  of  interest 
in  space  experimentation,  which  has  been  the  object 
in  view  in  this  particular  case. 

oori 


Figure  45-8.  aORI  Spectrum,  Uncorrected  for  Sky 
Emission  or  Atmospheric  Transmission 
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46.  Hadamard-Transform  Multiplex  Grating  Spectrometer 


John  A.  Decker,  Jr. 
Comtock  and  Watcott,  Inc. 
Cambridge,  Mouochuntti 


Abstract 


A  series  of  Hadamard-transform  multiplex  grating  spectrometers  which  operate 
on  the  principle  of  multi-slit  optical  encoding  at  the  spectrometer  exit  focal  plane, 
and  which  represent  the  first  successful  operation  of  a  Hadamard-transform 
spectrometer  are  described. 


46-1  INTRODUCTION 

The  idea  of  multiplex-encoding  the  optical  output 
of  a  spectrometer,  to  overcome  the  luminosity  limita¬ 
tion  of  a  sequentially-scanned  dispersive  instrument 1  • 2 
by  allowing  the  photodetector  to  sense  a  multiplicity 
of  optical  wavelengths  simultaneously,  goes  back  to 
the  original  work  of  Golay3  and  Fellgett.4,8  The 
possibility  of  realizing  a  multiplex  grating  spectrome¬ 
ter  by  means  of  optical  coding  based  on  Hadamard 
matrices  was  first  pointed  out  by  Ibbett,  Aspinall  and 
Grainger11  and,  shortly  afterwards,  independently  by 
Decker  and  Harwit.7  The  mathematical  properties  of 
the  Hadamard-transform  codes  have  been  described 
previously  by  Sloane,  Fine,  Phillips  and  Harwit8  and 
by  Pratt,  Kane  and  Andrews,®  who  also  described 
two-dimensional  Hadamard-transform  coding  tech¬ 
niques.  Harwit,  Phillips,  Sloane  and  Fine10  recently 
extended  this  theoretical  work  to  dispersive  spectrom¬ 
eters  using  Hadamard-transform  coding  at  both  the 
entrance  and  exit  focal  planes  in  a  manner  analogous 
to  Girard’s  original  grille  spectrograph."  Since 
several  accompanying  papers  will  cover  the  theo¬ 
retical  aspects  of  Hadamard-transform  spectrometers 
for  both  the  singly  (that  is,  exit  only)  and  doubly 
(that  is,  entrance  and  exit)  encoded  cases,  this 
discussion  will  be  limited  to  the  description  of 
Comstock  and  Wescott’s  recent  experimental  work 


with  exit  focal-plane  encoded  Hadamard-transform 
spectrometers. 1 2 

46-2  COMSTOCK  AND  WESCOTT  PROTOTYPE 
SPECTROMETER 

The  original  Comstock  and  Wescott  prototype 
Hadamard-transform  spectrometer  (HTS)  shown  in 
(Figure  40-1)  was  constructed  by  modifying  n 
0.25-m  Jurrell-Ash  Kbert  monochromator.  This 
required  fitting  it  with  a  cyclic  19-slot  Sr-matrix 
exit  focal-plane  optical  encoding  mask8  and  the 
appropriate  mask-drive  system.  This  instrument  was. 
in  all  probability,  the  first  successfully-o|>oruted 
HTS.  In  its  basic  (that  is,  conventional  mono¬ 
chromator)  form,  the  instrument  was  equipp'd  with 
0.1-mm  wide  entrance  and  exit  slits  and  a  295- 
groove/mm  grating  blazed  for  a  wavelength  of  2.1  m; 
it  had  a  resolution  (limited  by  aberrations)  of  about 
10  A  in  second  order. 

The  Hadamard-transform  encoder,  shown  on 
Figure  40-2,  consisted  of  a  photoetched  mask  mounted 
at  the  s|M*ctrometer  exit  focal  plane,  containing  a 
37-slot  cyclic  array  of  0.1-mm  wide  transparent  and 
opaque  slots  of  19-slot  periodicity, 
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Figure  40-1.  Comstock  and  Westeott  Prototype  Iladamard- 
Transform  Spectrometer 


♦0.01 


discussed  by  Sloane  et  al.H  It  provided  19  quasi- 
orthogonal  mask  patterns  by  moving  to  19  successive 
positions  in  one-slot  width  (that  is,  0.1  mm)  steps 
along  the  plane  of  the  mask,  normal  to  the  individual 
slots.  A  1.90-mm  wide  field  stop,  which  replaced  the 
conventional  exit  slit,  ensured  that  only  19  mask  slots 
were  exposed  to  the  exiting  radiation  at  any  one 
time.  The  mask  was  moved  from  position  to  position 
by  a  manually  driven  micrometer  screw;  a  second 
perpendicular  micrometer  screw  provided  a  sensitive 
focus  adjustment. 

All  radiation  exiting  the  encoding  mask  was 
collected  onto  a  single  lead  sulfide  (PbS)  infrared 
detector  with  an  active  area  of  1  mmX3  mm.  Signals 
from  this  detector  were  passed  through  a  unity-gain 
FET  preamplifier,  a  variable-gain  signal  amplifier 
and  a  synchronous  demodulator  gated  by  a  signal 
from  the  800-Hz  tuning-fork  chopper,  then  displayed 
on  a  digital  voltmeter.  The  data  were  recorded 
manually,  and  were  decoded,  normalized,  and  plotted 
on  a  Telcomp  II  time-sharing  computer  system, 
using  the  straightforward  but  slow  technique  of 
multiplying  the  data  by  the  inverse  of  the  mask  co¬ 
efficient  matrix. 

A  typical  laboratory  spectrum  (of  the  mercury 
emission  lines  near  1.7  p)  obtained  with  the  Comstock 
and  Wescott  Prototype  Spectrometer  is  given  in 
Figure  46-3(a)  in  comparison  with  a  spectrum 
(Figure  46-3(b))  obtained  using  this  optical  system 


Figure  4fi-2.  Comstock  and  Wescott  Prototype  19-slot 
Ilndamnrd-Trnnsform  Kneading  Mask 


(where  0  denotes  o|mque  and  1  denotes  transparent) 
derived  from  the  Sr-matrix 
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Figure  46-3.  Comparison  Spectra  of  the  1.7  ■  Mercury 
Kmisaion  Line*:  (a)  A*  Obtained  in  the  Iladamard-transfocm 
Mode;  (b)  A*  Obtained  Using  the  dame  Optical  dystrm  as  a  • 

Conventional  Monochromator 
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as  a  conventional  monochromator.  Note  that  there 
are  no  detectable  systematic  errors  and  that  the 
instrument’s  resolving  power  (X/AA~1000  in  first 
order)  is  limited  only  by  the  entrance  slit  width  and 
the  quality  of  the  basic  optical  system:  for  example, 
the  flat  top  of  the  line  at  1.7110  p  is  the  image  of  the 
entrance  slit  as  seen  with  the  encoder  fortuitously 
aligned  with  the  line  image.  However,  while  the  two 
spectra  in  Figure  46-3  were  obtained  in  approximately 
the  same  total  observing  time,  they  are  not  to  be 
interpreted  as  representative  of  the  signal-to-noise 
ratio  comparison  between  conventional  spectrometers 
and  HTS  instruments.  Since  the  noise  level  of  an 
infrared  photodetector  is  roughly  proportional  to  its 
area,  a  strict  signal-to-noise  ratio  comparison  would 
further  require  the  de-dispersion  of  the  encoded 
radiation  exiting  the  mask  (for  example,  by  a  second 
reversed-pass  through  the  spectrometer)  to  enable 
it  to  be  brought  to  a  focus  on  roughly  the  same  size 
detector  as  would  be  optimally  used  by  the  system 
operating  as  a  conventional  monochromator.  This 
is  one  of  the  design  features  of  the  AFCRL/Comstock 
and  Wescott  Demonstration  Spectrometer  discussed 
in  the  next  section.  The  purpose  of  presenting  the 
comparison  spectrum  here  is  to  demonstrate  the  spec¬ 
tral  fidelity  of  the  HTS  instrument  and  the  freedom 
from  systematic  errors  obtainable  with  even  this 
somewhat  crude  prototype  spectrometer. 

46-3  COMSTOCK  AND  WESCOTT/AFCRl  DEMON¬ 
STRATION  SPECTROMETER 

The  maximum  signal-to-noise  ratio  improvement 
to  be  expected  for  an  HTS  instrument  using  a  19-slot 
1,0  code  is  only  about  a  ractor  of  2.18,  referenced  to  a 
monochromator4,8,8  even  when  the  exiting  radiation 
is  de-dispereed  onto  a  minimum-sized  detector.  This 
is  rather  hard  to  verify  experimentally,  as  it  barely 
exceeds  the  minimum  noticeable  change  in  signal-to- 
noise  ratio.18  Comstock  and  Wescott  therefore  built, 
in  a  joint  program  with  AFCRL,  an  HTS  which  used 
a  255-slot  encoder.  It  has  a  theoretical  maximum 
signal-to-noitv  ratio  improvement  factor  of  about 
8.0,  which  is  much  easier  to  quantitatively  verify 
by  experiment  This  instrument  (shown  on  Figure 
404)  is  being  demonstrated  at  this  conference.  An 
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Figure  46-5.  Optical  Schematic  of  Comstock  and  Wescott/ 
AFCRL  HTS  Spectrometer 


optical  schematic  of  this  instrument  is  given  as 
Figure  46-5.  The  basic  dispersive  system  was  built 
around  a  Minuteman  Instrument  Company  Model 
305  0.5-meter  fully  corrected  Czemy-Turner  spec¬ 
trograph  specifically  designed  for  wide-exit  focal-plane 
applications.  It  was  equipped  with  a  0.005  to  3.0-mm 
wide  bilaterally-variable  entrance  slit  (normally 
used  at  a  setting  of  0.1  mm)  and  a  150-groove/mm 
grating  blazed  for  a  wavelength  of  2.0  p.  In  this 
configuration  it  had  a  first  order  resolution  of  about 
10  A  (2.5  cm-1  at  2  p)  with  a  0.1-mm  wide  entrance 
slit  (that  is,  a  resolving  power  of  about  2000)  and  a 
well-focussed  exit  focal-plane  width  of  about  10.2  cm. 

The  Hadamard-transform  encoding  mask  used  a 
255-slot  cyclic  S-mutrix  code,  509  total  mask  slots, 
(Figure  46-6).  Its  code  pattern, 
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Figure  46-4.  Comstock  tad  WreroU/AFCRJ,  2568k* 
Dsnarntratioa  HTB 


Figure  46-6.  2568lot  Rnroding  Mttk  for  Comstock  ami 

Weocolt/AFCRL  HTS  Spectrometer 


was  computed  using  the  shift-register  logic  given  by 
Baumer.  This  mask  is  located  at  the  exit  focal 
plane  of  the  spectrometer,  mounted  so  that  it  bisects 
a  90°  corner  mirror  which  returns  the  encoded  light 
beam  back  through  the  dispersive  optics  and  shifts 
it  from  above  to  below  the  optical  axis  (see  Figure 
40-7). 


Kilnin'  46-7.  HTS  Kxit  Focal  Plane:  Encoding  Mask, 
Mask-drive  Mirhamtini,  KevorseU-pass  Corner  Mirrois  and 
Field  Stop 


This  reversed  |iass  de-dis|icrscs  the  encoded  beam 
and  allows  it  to  be  brought  to  a  focus  at  the  entrance 
focal  plane  on  approximately  the  same  si*e  detector 
us  would  have  been  required  using  the  optical  system 
as  a  monochromator.  As  the  entrance  rays  are  in¬ 
serted  into  the  spectrometer  slightly  below  the  optical 
axis,  the  exiting  rays  emerge  slightly  above  the 
optical  axis,  and  are  detected  by  a  Q.2.Vmm X 1  0-mm 
I’bS  cell  mounted  on  the  upper  portion  of  the  entrance 
slit,  above  the  tuning-fork  chopper  (sit  Figure  46-N). 
The  mask  is  moved  sequentially  bv  a  stepping  motor- 
driven  Wit  drive  (Figure  4tW7)  which  is  controlled 
by  an  electronic  indexing  circuit.  The  signals  front  the 
debitor  an*  amplihed  by  a  low-noise  high-gain  pre- 
amplilier.  |Nis.**'d  through  an  unalng-tn-digitnl  con¬ 
vertor.  and  reconletl  in  standard  ASCII  format  on 
puneht*d  |*a|ter  tajs*.  The  necessary  sequencing  ami 
gating  signals  are  provided  by  the  indexing  circuit 
that  rout  rids  the  mask-drive  stepping  motor.  The 
data  ta|M*s  are  then  rend  into  a  1*1  >I*-I0  time-sharing 
computer  for  decoding  and  automatic  (dotting  of  the 
output  s|n«etra.  The  Fold'll  AN  IV  decoding  pro¬ 
gram  take*  ftdl  account  of  the  binary  nature  of  the 
ll.-ulnmnrd  coding  matrix  to  minimiie  computer 
rumiing  time.  The  actual  decoding  romputalion. 


Figure  46-8.  HTS  Entrance  Focal  Plane:  Tuning-fork 
Chopper,  Detector  Mounting  and  Preamplifier 


exclusive  of  the  time  needed  to  read  in  the  data  tapes 
and  plot  the  spectrum,  is  approximately  1.5  sec  for 
the  255X255  coding  matrix. 

The  255-sJot  instrument  became  fully  operational 
only  two  days  prior  to  its  shipment  to  Aspen  for  the 
conference  display ;  therefore  no  detailed  analysis  of 
its  performance  can  be  given  at  this  time.  However, 
a  preliminary  HTS  scan  of  a  0.34-p  wide  region  of  the 
mercury  emission  spectrum  near  1.6  p  w  given  as 
Figure  46-0.  Note  that  this  spectrum  was  obtained 
from  a  set  of  Hadamard-cncodcd  data  points  which 
had  a  total  dynamic  range  of  less  than  52  iierccnt  of 
the  peak  signal  (that  is,  for  this  specific  spectrum  the 
encoded  data  points  varied  from  a  maximum  of 
0.731  to  a  minimum  of  0.240,  in  arbitrary  units); 
tills  appears  to  be  typical.  No  accurate  test  of  the 
signal-to-noisc  gain  in  comparison  with  a  mono¬ 
chromator  has  been  made  to  date,  but  it  will  be 
reported  when  the  work  is  complete. 

A  further  modification  of  this  basic  instrument  that 
will  increase  its  signal-to-noisc  ratio  gain  to  a  factor 
of  about  22.6,  will  double  its  resolution  (to  1.25  cm-' 
at  2.0  ft)  and  will,  at  the  same  time,  increase  its 
scanning  speed  to  2-to-IO  *j>ectml  scans  per  second  is 
currently  nearing  ronqiielioit.  This  uses  the  cyclic 
2047X2047  S-matrix  to  generate  the  encoding  mask 
whose  mask  pattern  is  given  on  Figure  40-10  and 
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Figure  46-9.  Preliminary  Spectrum  Obtained  With  the 
25>«lot  HT8— a  0.34-s  Wide  Region  of  the  Mercury  Emianon 
Spectrum  Near  1.6  a 


it  will  contain  a  total  of  4094  0.03-mm  wide  slots. 
This  mask  will  be  driven  continuously  (rather  than 
stepwise  sequentially),  and  will  feed  data  to  a  mag¬ 
netic-tape  analog  data  recorder.  The  FORTRAN  IV 
data  decoding  program  will  have  a  running  time  on 
the  PDI'-IO  of  only  a  fraction  of  a  minute  (without 
using  the  recently  developed  fast  Hadamard-trnns- 
form  programs®1  *  l(i)  but  may  require  batch  pro¬ 
cessing  to  obtain  reasonable  input/output  times. 
This  HT8  system  should  be  completed  within  a  few 
weeks,  and  should  be  fully  operational  by  late  spring. 
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Figure  40-10.  4003-«iot  Knec-iing  Mask  Code  t’sed  With 

«M7-4o»  UTS  System 


46-4  COMPARISON  WITH  OTHSt  MULTIPLEX 
SYSTEMS 

From  the  point  of  view  of  the  experimentalist,  the 
a  HTS  is  emerging  as  an  instrument  which  display*  the 

classical  ’nuitipicx  advantage/-®  yet  uses  the  com¬ 
paratively  simple,  reliable  and  thoroughly  proven 
technology  of  di-  jiersivo  spectrometers.  Its  through¬ 
put,  limited  by  the  entrance  slit  width,  is  somewhat 
*  less  than  that  of  interferometric  instruments  (although 


the  |>roposed  doublv-eneoded  I  ITS*'0  should  have 
approximately  the  interferometer's  throughput)  and 
its  spectral  resolution  is  limited  by  the  grating  si*e 
a*  well  as  by  the  entrance  slit  width.  Additionally,  it 
shares  with  nearly  all  multiplex  spectrometers  the 
need  for  a  digital  computer  to  transform  the  encoded 
data  into  a  usable  *|»ectniin.  However,  it  typically 
requires  micrometric,  rather  than  interferometric, 
tolerances  in  fabrication  and  alignment,  and  it  can 
easily  be  mislified  to  record  only  those  wavelength* 
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of  particular  interest,  which  is  difficult  and/or 
inefficient  to  do  with  interferometric  spectrometers, 
(liven  an  existing  dispersive  spectrometer  (or,  more 
likely,  spectrograph  or  polychromator)  with  the 
required  off-axis  image  quality  and  exit  focal-plane 
width,  it  also  provides  the  possibility  of  achieving 
multiplex  performance  by  means  of  a  modification 
or  retro-fit  at  a  fraction  of  the  cost  of  an  interfero¬ 
metric  instrument. 

More  fundamentally,  however,  the  signal  from  an 
I  ITS  lacks  the  large  zero  order  spike  which  is  char¬ 
acteristic  of  the  more  straightforward  Fourier  trans¬ 
form  spectrometers, 17  and  hence  it  has  a  substantially 
lower  dynamic  range.  This  is  directly  reflected  in  a 
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Q.  (Itobert  Dir.*;.  Itnrringfr  Research.  Mil.): 
You  sjieak  of  an  instrument  in  which  to.al 
throughput  is  modulated,  What  limitations  <k>os  this 
impose  on  measurement  of  very  weak  absirptkm 
Af*rtm? 

A.  (John  A.  I  Worker):  None.  It  may  improve  the 
measurement,  in  that  the  multiplex  advantage 
would  improve  dunaMiwinM  over  scanning  mea¬ 
surements.  We  have  not  yet  mmlurted  the  appro¬ 
priate  ex|ieriment  with  the  ‘Doubly  .Multqilrxcd' 
systems  (a*  in  Shwne's  anti  lliillips*  («n|>rr).  but  we 
have  detected  weak  s|ieetral  structure  swrpssfully 
with  the  “Jtinglv  Multi|»lexrtl'  instrument  I  described. 


lower  required  data  transmission/recording  bit-rate 
and/or  bandwidth.  In  addition,  the  computer  de¬ 
coding  of  the  data  from  an  HTS  system,  using  fast- 
Hadamard-transform  programs,  is  probably  up  to 
an  order  of  magnitude  faster  than  the  equivalent 
Fourier-transform  inversion  required  by  FTS  sys¬ 
tems.9  In  general,  the  HTS  should  eventually  be 
preferred  over  interferometric  multiplex  systems  for 
those  applications  where  the  total  system  per¬ 
formance  is  limited  by  bandwidth,  maximum  data- 
rate,  computer  time  for  data  decoding,  or  mechanical 
reliability,  and  for  observations  of  faint  point-sources 
(for  example,  stars)  where  the  interferometer’s 
throughput  advantage  does  not  come  into  play. 
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Discussion 


Q.  (Robert  Dick)-  Have  you  tried  to  apply  this 
to  an  Ebert  configuration  with  large  curved  slits? 

A.  (John  A.  Decker):  Curved  rfit*  ore  OK  if  the 
radius  of  curvature  doesn't  change  too  much  over 
the  exit  field;  a  corrected  Cxemy -Turner  designed 
specifically  for  wide-fiehl.  high-slit  Use  (a  Minuteman 
303.  fur  one  commercially  available  example)  is 
belter,  and  i«  what  we  have  used  so  far— with  straight 
dits.  A  ’Doubly  Multiplexed'’  svstem  cannot,  in 
general,  use  the  simple  Ebert  mounting.  because  of 
lateral  magnification  problems.  A  Utlrow  is  better 
in  that  ease,  ami  is  what  iVrn*  Phillips  used. 


43:, 


Contents 


47-1 

Introduction 

435 

47-2 

Description  of  a  Doubly  Multiplexed  Spectrometer 

435 

47-3 

Analysis 

436 

47-4 

The  Estimation  Problem 

436 

47-5 

Using  Only  2  V  - 1  Measurements 

430 

47-6 

An  Example 

437 

47-7 

Numerical  Results 

437 

References 

440 

47.  Reducing  die  Number  of  Measurements  in 
Doubly  Multiplexed  Spectrometers 


N.  J.  A.  Sloan* 

M  T«Mm»  lakoteatin  keorparaMd 
Mwray  MM,  M«w  J«My 


Abstract 


A  doubly  multiplexed  grating  spectrometer  is  described  having  ,Y  entrance 
slots  and  N  exit  slots.  The  simplest  operation  of  this  device  requires  «V*  observa¬ 
tions  to  estimate  2.V-1  unknown  spectral  elements,  but  it  is  shown  here  that 
2.V— I  observations  always  suffice.  An  algorithm  is  given  for  determining  which 
2N  —  1  measurements  should  be  made,  and  for  forming  the  estimate  of  the  spectrum 
from  these  measurements.  Numerical  results  are  presented  for  the  values  A'«3, 
7,  II,  and  13,  in  the  case  that  both  entrance  and  exit  masks  are  obtained  from 
cyclic  Hadamard  matrices.  (Other  values  of  A*  have  been  analysed,  but  smec 
does  not  permit  their  inclusion  here.) 


47-1  INTRODUCTION 

A  summary  of  this  pa;  is  given  in  the  abstract. 
This  paper  is  a  sequel  to  the  papers  by  Shame  et  ai. 1 
and  Harwit  et  a),  but  can  be  read  independently  of 
them.  For  a  comparison  of  these  methods  with  other 
speclrometric  techniques,  and  for  experimental  re¬ 
sults,  see  the  papers  of  Decker  and  Phillips  (Chapters 
46  and  46). 

47-2  ocscnmON  Of  a  oousiy  MutnruxED 
SfCCTROMCmt 

47-2.1  Sncoding  the  input  to  the  Crating 

An  encoding  mask  is  placed  at  the  position  of  the 
entrance  slit  of  a  conventional  grating  spectrometer. 
Instead  of  passing  light  through  just  one  entrance 
slot,  this  mink  is  A*  slot  widths  wide.  In  any  giv-o 


mask  position,  light  from  the  source  is  permitted  to 
pass  through  about  half  of  these  .V  slots  end  is 
blocked  from  passage  through  the  others.  In  general, 
there  aro  .¥  different  mask  positions  in  which  different 
combinations  of  dots  are  permitted  to  pass  light 
from  the  sourer’  into  the  spectrometer  The  encoding 
procr**  then  consists  of  the  successive  use  of  each  of 
the  A*  mask  positions  to  pass  light  through  ,Y  different 
preselected  combination*  of  entrance  *fct  locations. 

47-2.2  Encoding  tbs  Outpet 

A  second  encoding  mask  is  placed  in  the  exit  (oral 
plane  of  the  spectrometer.  This  mask  has  A*  different 
position*,  each  position  passing  light  through  some 
of  the  A*  exit  slot  (orations  in  a  preselected  way.  By 
making  measurements  of  the  intensity  of  radiation 
passing  through  different  combinations  of  entrance 
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and  exit  mask  positions,  the  radiation  spectrum  can  be 
recovered. 

47-3  ANALYSIS 

Let  t  =  («,>)  be  the  N  X  N  matrix  describing  the 
entrance  mask,  where  e,>  =  l  or  0,  according  as  the 
rth  entrance  slot  is  open  or  closed  when  the  entrance 
mask  is  in  position  i,  {l<i<N,  1  <r<N).  Similarly 
let  X  -  (x,;)  describe  the  exit  mask. 

47-3.1  The  Basic  Equation 

When  the  entrance  mask  is  in  position  i  and  the 
exit  mask  is  in  position  j,  the  detector  measures 


N  N 


where  fr.s  is  the  measurement  that  would  be  made 
by  a  noiseless  detector  placed  at  the  sth  exit  slot 
when  signal  enters  only  through  the  rth  entrance 
slot,  and  v;,j  is  the  detector  noise  for  measurement 
(i,j).  Assume  that  the  optical  source  is  spatially 
homogeneous,  and  that  the  spectrometer  optics  are 
arranged  so  that  the  spectrum  produced  by  the  rth 
entrance  slot  acting  alone  is  a  shift  by  r  places  of  the 
spectrum  produced  by  the  first  entrance  slot  acting 
alone.  Thus,  there  are  2 A’  —  1  unknown  spectral 
components: 


f-<.v-i>, . . .  ,  f_i,  to,  tit  •  ■  ■ ,  fw-i,  (47-2) 


given  by  tr.s-tr-s-  Then  Eq.  (47-1)  may  be  re¬ 
written  in  matrix  form  as 


47-4  THE  ESTIMATION  PROBLEM 

There  is  the  possibility  of  making  up  to  N2 
measurements  (i,j=  1, . . . ,  AQ  to  estimate 

2N—1  unknown  ft’s.  Given  these  measurements, 
the  unknown  ft’s  must  be  estimated.  As  justified  by 
Sloane  et  oh1  for  a  singly  multiplexed  spectrometer, 
only  linear  unbiased  estimators  will  be  considered. 

One  method  is  to  make  the  full  set  of  N 2  measure¬ 
ments.  This  case  has  been  considered  in  detail  by 
Harwit  et  al.3  The  next  section  shows  that  the 
number  of  measurements  needed  can  be  greatly 
reduced,  from  N 2  to  2.V— 1. 

47-5  USING  ONLY  2N- 1  MEASUREMENTS 

Provided  the  mask  matrices  e  and  X  are  non- 
singular,  it  is  possible  to  obtain  linear  unbiased  esti¬ 
mates  of  the  2N—1  unknown  f  ,’s  by  measuring  only 
2N  —  1  Th,/s.  This  may  be  shown  as  follows.  From 
the  basic  Eq.  (47-3),  the  expected  values 
and  the  unknown  f  (  are  related  by  the  equation 


?  11  Tl2  ■  ■  ■  vw' 
V21  T  22  ...  W 

Tv  1  VN  2  ...  VA'JV, 


•  t~N+ 1\ 

"  f-V+2  VT)  (47_5) 


fo  f-1 

fl  fo 

fjv-l  fjV-2 


If  t  and  X  are  nonsingular,  this  transformation  is 
invertible,  and  there  exists  a  {2N—  1)X  N 2  matrix  7 
such  that 


»j  =  efx7’+i/, 


where  v  =  (vi.j),  v  =  (vij),  and 


f-w+i 


=  00  vin  , 

"V21 


(to  f-i  ...  f-.v+i 
1 1  fo  •••  f-.V+2 

f.V-i  tli- 2  ...  to 


where  7  has  rank  2N  —  1.  Then  7  must  contain  2N  —  1 
linearly  independent  columns,  corresponding  say  to 
the  coordinates 


(*ii  Ji)»  (h,j2)t  ■  ■  ■  •  (*2JV-i..?2V-i)  (47-7) 

Equations  (47-1)  and  (47-3)  are  equivah  t  forms  of 
the  basic  equation  of  the  spectrometer. 

The  detector  noise  components  vi:i  are  assumed  to  of  the  ij  vector.  Expressing  all  columns  of  7  in  terms 

have  average  value  zero  and  to  be  uncorrclated.  of  these  2N  —  1  independent  columns,  it  follows  that 
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there  is  a  matrix  G  =  (c,/1  such  that 


are  independent,  and  Eq.  (47-8)  becomes 


fi'N-i 


*o  =«?) 


(47-8) 


(*•  \  /i  ~t  -»\/»"\ 

#»  1-4  0  |k  .  (47-13) 

V^-l/  \i  i  ~  ?/  V?22/ 


Then  from  Eq.  (47-8),  if  measurements 


Thus,  2N  — 1  =  3  measurements  77 , , ,  ij,2l  02s  should 
be  made,  and  the  ^(’s  are  estimated  by 


1iiih>  Wiiv  •  •  •  1 


(47-6) 


are  made,  and  the  matrix  G~(gij)  is  known,  linear 
unbiased  estimators  for  the  unknown  \pt’s  are  given  by 


$1  =  inn  —  i»?2i  — ^022, 
^o==i,Jn+i’?22) 

^-1  “i’Jll'h  ^021  —  ?V22- 


(47-14) 


2AT-1 

h~  £  9tr1)x,it  (47-10) 

r-1 


(In  general,  there  may  be  many  possible  choices  for 
the  set  (47-8)  of  independent,  measurements  and  for 
the  matrix  G.) 

47-6  AN  EXAMPLE 

Suppose  A’ -2,  and  that  e  and  X  are  equal  to  the 

2X2  Haaamard  matrix  ^  j  ^  .  (As  pointed 

out  by  Sloane  et  cl.,1  mask  weights  of  dbl  can  be 
obtained  by  chopping  between  transmitted  and 
reflected  radiation.)  In  this  case,  Eq.  (47-5)  becomes 


/ill  ^12\_/lAl+2^o+^-l  \ 

Vi21  i> 22 /  \  —^1+^-1  —^l+2^0  —  ^_1/ 

(47-11) 


There  are  many  ways  of  inverting  this  transforma¬ 
tion;  one  is  given  by 


The  first,  third,  and  fourth  columns  of  this  matrix 


47-7  NUMERICAL  RESULTS 

In  general,  there  does  not  seem  to  be  any  simple 
way  of  determining  which  set  (47-9)  of  measurements 
to  make  nor  of  finding  the  matrix  G  to  use  in  Eq. 
(47-10)  for  estimating  the  spectrum. 

Table  47-1  presents  some  numerical  results  ob¬ 
tained  w'ith  the  aid  of  a  computer,  for  the  values 
N  -3,  7,  11,  and  15.  (Corresponding  results  for 
Ar-19,  23,  31,  and  35  have  been  obtained,  but  space 
does  not  permit  their  inclusion  here.)  For  each  N  are 
given  (a)  the  value  of  N,  (b)  the  cyclic  matrix  -S  of 
ma3k  weights  used  for  both  e  and  X,  (e)  a  possible  set 
of  2N  —  1  independent  measurements  (47-9),  and 
finally  (d)  the  corresponding  matrix  G  to  be  used  in 
Eq.  (47-10)  for  estimating  the  unknown  spectral 
components  ^(.  The  matrix  of  mask  weights  used 
here  for  both  e  and  X  is  the  matrix  S  defined  in 
Sloane  et  al. 1  and  Harwit  et  al.2  Let  H  be  a  normalized 
(Ar-f-l)  X  (AT+1)  Hadamard  matrix  of  +l’s  and 

—  l’s  with  the  first  row  and  column  consisting  of 
+  l's.  Then  S  is  obtained  by  deleting  the  first  row 
and  column  of  H  and  replacing  -H’s  by  0’s  and 

—  l’s  by  l’s.  ^Incidentally,  y  (2ST—J), 

where  7  is  a  unit  matrix  and  J  is  an  N  X  Ar  matrix 
of  +l’s.j  The  cyclic  versions  of  S  used  here  were 
obtained  from  Baumert.3 

The  computer  program  used  to  obtain  these  results 
proceeded  as  follows.  First,  the  mask  matrices  e  and 
X  were  read  in.  Second,  the  matrix  product  on  the 
right  of  Eq.  (47-5)  was  evaluated.  Third,  a  search 
was  made  for  2Ar— 1  independent  measurements 
(This  search  must  always  be  successful,  as 
proved.)  Fourth,  the  matrix  equation  relating  the 
independent  •<; ,rJr  to  the  ^  was  obtained.  Fifth  and 
last,  this  equation  was  inverted  to  give  the  matrix  G. 
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Table  47-1.  feta  of  Independent  Measurement*  and  Coefficient*  of  Linear  Unbiased  Estimators 


«OTH  MASKS  £T4  AMO  Chi  AXE  ECUAL  TC 

to; 

no 

Oil 

2H-i  iNOERfNOEKT  MEASUREMENTS  AXp 

1  READ  CHMH  -  /OR  VALUE  IS  I  COORDINATE. 
•OTTO*  value  is  j  coordinate  i 


1  2 
3  2 


C  KATA  In  FOR  USE  I-  EQUATION  %«»  11 
COLUMN 

;  i  s  *  ft 

ROM 

1  0.2900  0.7500  -0.2500  -O.fOOC  0. 

2  -0.2500  0.2500  0.7500  0.0000  -Q.9C00 

3  0.2500  -0.25C0  -0.7*00  0.9000  0. 

*  -0.2500  0.2500  -0.250©  O.OOG©  0.500.? 
5  0.2500  -0.2500  0.7500  -0.5000  0. 


N  -  ll 

•OTN  MASKS  ETA  AJt9  CHI  ARE  EQUAL  TO 

itomoooio 
one  u  loooi 
louomooo 
osouomoo 
oo  io  uo  i  no 
oooi  ouo  m 
lOOOlOtlOU 
uoosionoi 
11 1000 101 so 
on  tooo  ion 
loiiiooosoi 

2N-1  1  NOE  RE  ROCK  T  MEASUREMENTS  ARE 

I  RIAN  QOIfti  -  TOR  VALVE  1$  I  COORDINATE, 
•07 TOM  VALUE  to  4  COORDINATE  I 


15  1 
•  10  11 


fi  MATRIX  FOR  USE  IN  EQUATION  Ml  IS 

column 


RON 

l 

1  2  3 

-0.1209  0.2990  -0.1944 

2 

0.2500  -0.1309  0.9750 

3 

0.1444  0.2500  -9.0270 

4 

-0.0031  0.3444  0.2001 

5 

0.0033  -0.0033  0*1111 

6 

0.0270  0.0031  *0.2920 

7 

-0.0270  0.0270  0.0594 

8 

-0.0033  -0.0270  -0.0494 

9 

-0.0270  -0.0093  -0.0090 

N’t  7 

10 

-0.0033  -0.0276  0.0199 

•OTH  MASKS  ETA  AMO  CHI  k*t  EQUAL  TO 

11 

0.0033  -0.0099  -0.0596 

12 

0.0270  0.0039  -0.0644 

QlQ&liO 

19 

0.0639  0.0270  0.0493 

oo  tom 

24 

0.0270  0.0093  0.0194 

1001911 

15 

0.0693  0.0270  0.0099 

1100101 

moon 

n 

*0.0073  0.0093  0.0444 

OUlOOl 

17 

-0.1309  -0.0039  0.1904 

ion  ioo 

VI 

-0*1944  -0.1389  -0.1920 

14 

0.0013  -0.1944  -0.1444 

2N-1  INDEPENDENT  MEASUREMENTS  ARE 

20 

0.1369  0.0 499  -0.2003 

(  READ  00 MN  •  TOE  VALUE  IS  I  COORDINATE , 

90TT0M  VALUE  It  >0  COORDINATE  1 

Zl 

0.0093  0.1304  0.0594 

-on 500  -MtN  o.M n  «.sm 

-0.0617  -0.0417  -0.1447  4.2049 
0*4722  0.0270  -O.OOSS  -0.0439 
-0.0972  0.9472  -0,0004  -9.1404 
0*1111  -0.2222  4*9994  -O.KA> 

0.041T  9.9417  -9.2222  4.1341 
-0.14*7  0.9994  9.0499  -0.2222 
-0.9427  -0.2494  0.0994  -0.0139 
9.0090  0.1111  -9,1944  0.1447 
0.0572  0.0472  9.1111  -0.0417 


0.0972  -0.0199 
Or 02 74  0.1209 


0.0090  -0.0417 
0.0279  0.0270 


0.15*4 

0.043* 


0.1524 

0.0093 


0,2222 

0.0270 


0.1290 

0.1444 


-0.1904  -0.1444  -0.1904 
-0.0190  0.11U  -0.0417 


i  -0.2770  -0.1904  -0.0000 


1111111299999 

1234547312349 


G  MATRIX  TOR  USE  !N  NOVATION  TO)  IS 


COLUMN 


RON 


COLUMN 

4  9 

ROM 

1  -0.0274  -0.027S 

2  -0.027E  -0*0270 

3  -0.0274  -0.0274 

4  -0.0274  -0.0271 

5  -0.0274  -0.0274 


10 


U 

0.1444  -0.4054 
-0.0134  0.2222 
0.1904  -0.O2TA 
0.041T  0.1111 
-0.09S6  0.0270 


19 


14 


I  -0.2222  -0.2212 
-0.0190  -0.2900 
-0.1407  -0.0000 
-0.0004  -0.1909 
0.0270  -0.0996 


1 

-0.3125  -0.2500  -0.1250  -0.0425  -0.0625 

0.0625  -0.2300 

6 

-0.0270 

•0.0270  -0.0472 

-0.0004 

0. 

2 

-0.0425  -O.OOOO 

0.3750 

-0.0429  -0.042S  -0.1675  0.2500 

7 

0.3056  -0.0270  -0.1111 

-0.0039 

0. 

3 

0.1875  -0.2500 

-0.1250 

0.4375  -0.042S 

0.0625  -0.2300 

t 

-0.0270 

0.9056  -0.1230 

-0.1111 

0. 

4 

•0.3123  -0.0000 

0.1250 

-0.0629  0**375 

0.0425  0.0000 

9 

■f -0270  -0.0270  0.1467 

-0.0039 

t. 

3 

-0.062S  -0.2500 

0.1250 

-0.0625  -0.0625 

0.3125  Q.OOOO 

10 

-0.0270 

-0.0278  0.0644 

0.1667 

0. 

4 

-0.0625  O.OOCC 

-0.1250 

-0.0629  -0.0629 

-0.1*73  0.2500 

n 

*0.0271 

-0.0277  0,1111 

0.0270 

0. 

7 

0.4375  0,2500 

-0.3750 

-0.0623  -0.0629 

-0.1075  CvOCOf 

12 

-0.0270 

-0.0278  -0.0194 

o.nu 

0. 

• 

0.1175  0.5000 

-0.3750 

-0.0629  -0.0629 

0,0625  -P’0900 

13 

-0.0271 

-0.0278  0.0270 

-0.0270 

0. 

9 

-0.0*25  -0.2500 

0.4250 

-0.0424  -0.0625 

0.3123  O.OCO0 

14 

-0.0270 

-0.0278  -0.1528 

0.0556 

0. 

10 

-0.3129  -0.5000 

0.6250 

0.4373  -0.0625 

0.0675  -0.0000 

19 

-0.0270 

-0.0270  -0.0033 

-0.1309 

0. 

11 

-0.3124  -O.2SC0 

0.J750 

•0.0425  0.4375 

-0.4375  -  0.2900 

1* 

-0.0270 

-0.0278  "0.0972 

-0.0556 

0. 

n 

-0.0625  0.5000 

-0.6250 

-0.0625  -0.0625 

-0.1075  -0.2900 

If 

-0.0278 

-0.0273  0-1444 

-0.1909 

0. 

13 

-0.0425  -0.2500 

0.1250 

-0.0625  -0.0629 

0.3125  0.0000 

1* 

0.3056 

-0.0278  0.0139 

0. 1667 

0. 

19 

-0.0270 

0.3054  0.0093 

-0.0271 

0. 

COLUMN 

20 

-0.0279 

-0.0271  -0.0417 

0.1*67 

0. 

ROM 

8  4 

10 

11  12 

13 

1.1250  -0.1290 

0.1075 

0.2900  -0.4373 

21 

-0.0270  -0.0271  0,1111 

-0.0033 

0. 

1 

0.0625 

0.0444 

0.0099 

3.0472 

0.1904 

•0.0472 


0.0270 

0.0954 

0.0093 

0.0994 

0.1309 


-0.1309  -0.0996 
-0.0134  -0.1309 
-0.0994  0.0000 
0.1290  -0.0039 
0.0954  0.1111 

0.0444  0.0270 
-0.2222  0.1111 
-0.0417  -0.1444 

■o.mi  -o.oooo 

0.3472  -0.1444 
-0. 1944  0.9004 


-0.3750 

0.1290 


0.1250 

A-125C 


0.3125  0.0000 

0.U75  t>*noo 


0.3125 

0.0625 


4 

0.1250 

-0.1250  -0.0625 

0.2400  -0.1073 

3 

0.1250 

0.1250  -0.0623 

0.0000 

0.0629 

6 

0.1250 

0.1250 

0.1073 

-0.0000  -0.1075 

7 

*0.3750 

0.1290  -0.0625 

-0.0000 

0.0*79 

0 

-0.3790 

-0.1250  -0.0625 

-0.2500 

0.3125 

4 

0,1230 

-0.3750  -0,0625 

0.0000  0.0625 

10 

0.6250 

-6.1250  -0,0625 

0.290C  -0.1073 

u 

0.6250 

0.3790  0. I f 75 

0.2500  -0.4375 

12 

-0.3700 

0.6250  0.1173 

-0.0000  -0.1075 

13 

-0.275© 

-0.3750 

0.4373 

0.0006  0.5625 

0.0625 

0.0625 


0.0425 

0.3129 

0.3125 


COLUNN 

19 

ROM 

1  o.im 

2  -0.2770 

3  -0.2222 

4  0,0554 

5  -0.1111 


14 


17 


10 


IV 


20 


21 


0.0554  0.1467  0.2222  0*2222  -0.0014  -0.2222 
9.1111  -0.0694  0.0194  0.0194  0.1904  *  0.2941 
•0.2770  -0.0000  -0.1447  -0.0594  0.0194  0.0,5* 

■0.2222  -0.2341  0.0694  -0.0417  D.0I70  0..S20 
0.0954  -0.1909  -0.1909  0*1444  0.0000  A, 1304 


6  -0.0556  -0.1111  0.1290  -0.0444 

7  0.0000  -0.0994  -0.0099  0.1904 
A  0.055c  0.0000  0.0417  0.0119 
9  0.0000  0.0554  -0.0270  -0.0270 

10  0.0556  -O.OCOQ  -0.0417  -0.1290 


U  0.2222  0.0554 

12  -0.0596  0.2222 

13  -0*1111  -0.0954 

14  -0.0556  -0.1111 

15  *0.1111  -0.0554 

16  0.0556  -0,1111 

17  0.1111  0.0596 

10  0.1467  O.UIl 

19  -0.1111  0.1667 

20  -0.1647  -0.1111 


0.0270  0.0271 
0.0417  0.0199 
0.2222  0.0094 
•0.0417  0.2009 
•0.1111  -0,0994 

•0*0472  -0.1004 
•0.1447  -0.1111 
0.1290  -0,0444 
0.1447  0.2222 
0.1004  0.0972 


>0.0444  0.1944  0.0644 
•0.009J  -0.1111  0.1444 

0.2941  -0.0099  -0.0194 
>0.1904  0.1111  -0,1444 
*0.1200  -0.1309  0.0194 

0.0274  -0.0000  -0.0270 
0.0199  0.0271  -0.0139 
0.0956  0.0994  00556 
•0.0139  -0.0270  0.0139 
0. 164*  -0.0954  -0.0594 

•0.1006  0.0093  -0.1920 
•0.1111  -0.0556  0.1111 
0*0417  -0.0278  0.0694 

0*1111  0.1447  0.11U 
•0.0199-0.1309  0.0199 


21  -0.1111  -0.1467  -0.0033  0.2900  0.2500  0.1111  -0.0270 


L. 


W*  fQfti  vtn 


Table  47-1.  Set*  of  Independent  MeAAiremefcts  and  Coefficient*  of  Linear  Unbiased  Estimators  (contd) 


UTH  HASH?  ETA  AMO  CM1  Mt  EOUAL  TO 

10001001101*111 

UttOiOCnoiOil 
H 1000 10QU0 101 

miooosocnon 
oimocoioonot 
lo&mooeioouo 
oicn  no  >0  toon 
10101112000194* 

1 1010112  2000 200 
01 10 10  U1 100010 
001101011210001 
100110101111000 
eioonoioiinoo 
ooiooiiciomio 
oooioouoiciin 

ZX-l  iMOCTEMOIMT  MEASUREMENTS  ARE 

t  MAO  DOM  -  TOP  VALUE  IS  1  COORDINATE, 
lOTTtM  VALUE  IS  J  COORDINATE  1 

i  1  l  11  1  1  l  l  1  1  1  1  1  1  22  2  2  2222  2 

1  2  3  4  5  *7  I  *  10  U  12  IS  14  IS  1  £  3  4  5  A  T  •  4 

2  2  12  2 
10  11  12  IS  14 

C  MATR2X  FOR  USE  IN  EQUATION  («)  IS 


1  0.2469  0,1404  -0.9449  -0.0194  -0.07*1  0.07*1  -0.20)1 

2  -0.0196  0,0196  0.01*1  -0.0196  0.1094  -0*2344  -0.1406 

)  -0.3231  0.1906  0.4912  0.1714  -0.2696  0.2696  0.9994 

4  0.0469  -0.J994  -0.1719  0.2144  0.2969  -0.1719  -0.2011 

5  0.2144  -0.1719  -0.2144  -0.0701  0.2*69  0.1406  -0.2011 

*  -0.1406  0.2696  0.0701  -0.1406  -0.140*  0.2696  0.1994 

7  -0.2031  0.0701  0.1406  -0.0196  -0.2031  0.0196  0.2969 

0  0.1094  -0.2144  -0.1719  0,0469  0.0469  -9.1 71*  -0.20)1 

*  0.1096  0.0196  -0.0469  -O.OT91  0.046*  -0.0469  -0.07*1 

10  -0.0196  -0.0469  0.0156  -0.0196  -0.0156  -0.046*  -0.1406 

11  -0.0711  -0.046*  0.0196  0.0469  -0.C196  -0.0469  -0.0156 

12  0.0469  -0.2)44  -0.0469  0,0469  0.1094  -0.1004  -0.1406 

13  0.0469  -0. *719  -0.1094  0.0469  0.1094  -0.0469  -0.1406 

14  -0.2031  0.20)1  0.1406  -0.0196  -0.07*1  0.1406  0.2V69 

15  0.1094  -0.0469  -0.1094  -0.0156  -0.0156  U.07S1  -0.0156 


16  0.0469  0.2656  -0.0469  -0.1406 

17  -0.0156  0.1406  0.07*1  -0.1406 

11  -0.07*1  0.2696  0.2031  0.0469 

19  0.0469  0.0196  0.07*1  0.10*4 

20  -0.0156  0.20)1  9.0156  0.046* 

21  0.10*4  -0.1094  0.37*1  -0.0156 

22  0.046*  -0.046*  -0.10*4  0.10*4 

23  -0.1406  0.140*  0.07*1  -0.07*1 

24  0.1094  -0.3594  -0.0469  0.046* 

29  -0.0156  0.07*1  0.0156  0.10*4 


•0.0731  0.07*1  0.171* 

•0.1406  0.0154  -0.0196 
•0.2656  0.0156  0.2)44 

0.0469  -0.1719  -0.07*1 
0.0469  0.1406-0.07*1 

0.1094  0.0154  -0.0196 
0.0469  0.0156  -0.07*1 

0.0469  0.07*1  0.1719 

0.0469  -0.0449  -0.20)1 
-0.0196  -0.0469  0.2344 


26  -0.07*1  -0.1719  -0.2344  -0.07*1  0.2)44  -0.0469  -0.3906 

27  0.2949  -0.6094  -0.0469  -0.07*1  0. 1094  -0.1094  -0.2656 

2*  0.0469  -0.2969  -0.3*94  0.1719  0.1094  -0.2969  -0.2656 

29  -0.20)1  -0.1T19  0.1406  -0.1406  0.1719  -C.1Q94  -0.07*1 

COLUMN 

•  9  10  11  12  13  14 

ROM 

1  0.0469  0.Q469  -0.1094  -0.1094  0.20)1  -0.10*4  -0.0196 

2  -0.1406  -0.07*1  0.07*1  -0.10*4  -0.10*4  0.32*1  -0.0156 

3  0.0449  0.1094  0.0156  0.07*1  -0.3094  -0.35*4  -0.0156 

4  -0.07*1  -0.07*1  -0.1094  0.9156  0.07*1  0.0156  -0.0156 

»  -0.0156  -0.1406  0.015*  *0.1094  0.0156  0.1406  -0.0156 

6  -0.0156  0.046*  -0.646*  0.0156  -0.10*4  -0.0469  -0.0156 

7  9.1719  0.0469  -9.04*9  -0.04*9  0.0156-0.1719-0.0156 

0  0.10*4  0.1094  -0.0469  -0.04*9  -0.046*  0.07*1  -0.0156 

5  -0.0156  0.1094  0.20)1  -0.C44*  -0.046*  -0.04*9  -0.0156 

10  -0.0156  -0.07*1  0.1406  0.2071  -0.0469  0.0156  -0.0156 


11  -0.07*1  -0.0156  -0.046* 

12  0.04*9  -6.1406  0.0156  • 
1)  0.0469  -0.0156  -0.0469 

14  0.0469  0.1719  0.0711 

15  -0.0IS6  0.0469  0.015* 


16  -0.07*1 

17  -0.0156 
14  -0.07*1 

19  0.0469 

20  -0.1406 

21  -0.1406 

22  0.0469 
2)  -0.015* 

24  0.1094 

25  0.10*4 

26  0.046* 

27  -0.07*1 
2*  0.171* 
2*  0.171* 


0,04*9  0.0156 
-0.07*1  -0.046* 
0.1094  -0.1004  • 
-0.0701  0.0116 
0.1094  -0.1094 

-0.20)1  0.07*1 
-0.2051  -0.171* 
0.10*4  -0.171* 
-0.140*  0.07*1  • 
0.171*  0.015* 

-0.0156  0.07*1 
-0.1406  0.1406 
-0.265*  0.0761 
0.171*  -0.046* 


0.2031  -0.0*69  -0.0156 
"  1406  0.2656  -0.0156 
-0.046*  0.20)1  0.2344 

0.0156  -0.171*  -0.0156 
-0.0469  0.0156  -0.0156 

0.0761  -0.10*4  -0.015* 
0.019*  0.07*1  -0.0196 

0.015*  -0.1094  -0.01S6 
-0.046*  0.0156  -0.0156 
-0.10*4  -0.10*4  -0.0156 

0.0156  -0.046*  -0.0156 
-0.10*4  0.07*1  -0.0156 
0.07*1  -0.171*  -0.0156 
-0. 171*  0.2051  -0.0156 
-0.171*  -0.2)44  -0.0156 

0.0701  -0.046*  -0.015* 
0.0156  0.2656  -0.0156 
0.07*1  0.2051  0.2344 

0. 1606  0.07*1  -0.0156 


1  -0.171*  0.1553  -0.1125  0.09JT  0.031)  -0.0000  0.0*25 

2  -0.171*  0.1*62  0.0000  -0.0)12  0.1562  -0.4000  -0,1250 

)  0.1406  '0.1563  0.3125  -0.4062  -0.4607  0.0629  0.2900 

4  0.0791  -0.0*37  -0.0625  0.3457  0.1562  -0.T5C0  -0.0625 

5  -0.1T19  0.15*2  -0.2*00  0.1562  0.2107  0.062S  -0.3129 

*-0.046?  0.0312  0.1250  -0.2112  -0.09)9  0.1250  0.1250 
7  0.1406-0.156)  0.1475-8.0937-0.19*3  6.GOOO  0.1*75 
*:  0.0156  -0.0)12  -0.1250  0.21*7  0.1562  -0.0629  -0.0*25 

*  -0.1C94  0.0*36  -0.12*0  -0.0312  0.0)13  0.0625  -0.0*25 

10  -0.10*4  0.0*)>  -0.0000  0.0)12  -0.0)12  0.0000  -0.0000 

11  -0.046*  0.0)13  0.062)  0.0)12  -0.0913  -0.0625  0,0000 

12  -0.10*4  0.0*3*  -0.0*29  0.21*0  0.091)  -0.0625  -O.U50 

13  -0.1719  0.15*1  -0.042S  0.15*2  0.09)7  -0.0629  -0.129*1 

14  0.265*  -0.0)15  0.1*75  -0.2107  -0.1963  -0.0000  0.0629 

15  0.1404  -0.1562  0.1250  0.0)13  0.09)0  0.0000  -0-0090 

16  0.07*1  -0.0*3*  -9.0629  -0.0)12  0.0)12  0.1250  0.0620 

17  0.0701  -0.0*3*  -0.0000  -0.15*2  0.1563  0.1250  0.1250 

10  0.1406  -0.15*3  6,0629  -0.2*12  -0.2107  O.ISW  0.2500 

19  O.Otf 1  -0,0937  *0.0429 >0.0)  12  -0.0937  -0.M50  0.1075 

20  0.e701  -0.09)7  0.0000  —0.2107  -0.0312  -0,0625  -0.0625 

21  -0,0469  0.0313  -0.12)0  0.0930  -0.0*37  0.0000  **0.1250 

22-0.10*4  0. 09)0  -0.0629  0.0312  0.0957-0.1250-0.0625 
2)  0.0154  -0.031)  0.1290  -0.1962  -0.09)7  0.0625  -0.0629 

24  -0.1094  0.093*  -0.1250  0.9497  0.0312  -0.0629  -0,0*29 

29  -0.1094  0.0937  0.0000  -0.09)0  -0.0)13  -0.1250  0.00)0 

24  -0.0469  0.0)13  0.0625  0.1969  0.21*7  0.0629-0.2900 

27  -0.9594  0.3490  -0.5129  0.99)7  0.0313  0.0629  -0.1290 

28  -0.4219  0.406)  -0.0625  0.2019  0.)437  -t.IPTS  -0.1290 

29  0.0196  0.2107  0.1075  0.1562  -0.154)  .1290  -0.1*75 


1  -0.093*  0.1075  -0.0625  -0,0625  0.09)7  0.0937  -0.21*7 

2  0.21**  0.1290  0.1290  0.0629  -0.09)5  0.09)7  0.093* 

3  -0.2*12  -0,3790  -0.0629  -0,1350  -0.0)12  -0.00 IT  0.0*37 

4  0.1562  0.1*75  0.0625  0.0625  0.09)*  -0,091a  -0.093* 

5  0.0997  0.1979  -0.0000  0.1790  -0.0911  0.0*97  -0.0913 

6  -0.2*12  -0.1290  -0.0500  *0.0625  0.0)1)  -0.0312  0.0*37 

7  -0.0312  -Oj312S  0.9625  -0.0629  0.0919  0.0319  -0.0313 

9  0.1562  0.1*7)  -0.1230  0.1250  0.0912  0.0312  0.0)13 

9  0.091)  0.0625  0.0900  -0.1250  0.0912  0.0912  0.0313 

10  0.0313  0.1250  0.0000  0.0625  -0.156)  0.0312  0.0)12 

11  0.0312  0.0000  0.0625  0.0000  0.0913  -0.1562  0.0911 

12  0.0937  0.1290  -0.0*25  0.1250  -O.Otl)  0.0)12  -0.1963 

13  0.0312  0,1290  -0.0*29  -0.0009  0.0312  -0.U19  0.0)1) 

14  -0.1962  -0.3121  -0.0625  -0.1075  -0.09)7  9.0)1)  -0.0312 

15  -0.0999  0.0000  -0.0000  -0.0625  -0.0912  -0.0990  0.0313 

16  -0.099T  -0.1075  0.0629  -0.0625  -0.0912  -0.0312  -0.0*37 

17  -0.0312  0.0000  -0.0000  0.0629  0.0912  -0.0919  -0.0312 

19  -0.0912  -0.2900  0.0629  -0.1290  0.0*9*  0.031)  -0.031) 

19  0.1962  0.0625  -0.0*25  0.0625  -0.0)19  0.0*9*  0.0)12 

20  0.0*37  C.0625  0.1290  -0.1290  0.0*3*  -0.0112  0.0*3* 


21  -0.0312 

22  -0.031) 
2)  -0.0*3  7 
24  0.0312 
29  0.0313 

26  0.0312 

27  0.0*37 
2*  0.2012 
2*  0.0*37 


1  0.0*37 

2  -0.94)7 
9  0.9497 
4  -0.0112 
9  -0.1962 

4  0.0)12 

7  0.196) 

•  -0.0*37 

*  0.0)12 
10  -0.0)12 

11  0.0)13 

12  *0.0)13 
1)  -0.21*7 
14  0.15*2 

1)  -0.0)13 

1*  0.0*37 
17  -0.0*1* 
It  0.0*97 
1*  -0.0)1) 

20  0,0*97 

21  0.0)12 

22  -0.00)7 

2)  0.1562 
24  -0.21*7 
2)  0.2100 

24  0.0)1) 
27  -0.0)12 
2*  -0.21*7 
t*  -0.0*37 


0.2500  0.1290  0.1075  -0.009*  O.OOM  -0.0313 
0.0*29  0.1*79  0.1IT9  0.15*2  -0.0*37  0.0037 
>0.1*75  0.0000  0.1290  0.196)  0.19*3  -0.0931 
0.1*79  -0.1210  0.1290  0.1942  0.19*2  0.1962 
>0.2900  -0.1250  -0.1*75  -0.0112  0.156)  0.1962 

0.3790  -0.0*29  0.0000  -0.0*31  -0.0)13  0.1962 
0.2900  0.0*25  0.1290  -0.1563  -0.0*3*  -0.0313 
0.2900  -0.1*15  0.2500  -0.0*3*  -0.1963  -0.0*31 
0.0629  -0.1075  -0.1079  0.0)1)  -0,9*3*  -0.13*2 
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Abstract 


A  dispersion  instrument  which  multiplexes  the  radiation  at  both  its  entrance 
and  exit  apertures  is  described.  This  double  multiplexing  scheme  allows  one  to 
recover  both  Fellgett's  advantage  and  the  high  throughput  advantage  normally 
attributed  only  to  interferometric  transform  spectrometers.  This  instrument 
compares  favorably  with  Michelson  interferometric  spectrometers.  The  first 
results  of  a  laboratory  pilot  model  are  presented. 


48-1  INTRODUCTION 

Two  types  of  multiplexing  schemes  that  can  be 
used  for  obtaining  spectra  have  been  known  for  about 
20  years.  The  first  of  these  was  a  scheme  suggested 
by  Golay1  in  which  radiation  at  different  frequencies 
is  modulated  at  different  rates  by  mechanical  means. 
Such  a  system  involves  the  dispersion  of  radiation  by 
means  of  a  grating  or  prism  and  the  modulation  of  the 
dispersed  radiation  by  a  mechanical  chopper  or 
mask.  The  theory  of  a  number  of  simple  systems  of 
this  type  has  been  further  discussed  by  Ibbett  et  al .* 
Decker  and  Harwit,*  and  Sloane  tt  al*  This  type  of 
spectrometer  has,  so  far,  not  come  into  general  use. 

The  second  kind  of  multiplex  spectrometer  is  the 
interferometric  spectrometer,  as  exemplified  by  the 
Michelson  interferometer  discussed  in  detail  by 
Fellgett*  and  by  Vanasse  and  8akai.e  In  recent  years 
the  interferometric  spectrometers,  particularly  the 
Michelson  spectrometer,  have  been  very  successful. 
One  reason  for  this  success  lies  in  the  very  high  energy 
throughput  of  the  interferometric  instruments.  This 


advantage  of  the  interferometers  over  grating  instru¬ 
ments  was  clearly  pointed  out  first  by  Jacquinot.7  He 
showed  that  the  throughput  of  the  Fabry-Perot 
interferometer  was  far  greater  than  that  of  a  con¬ 
ventional  grating  instrument,  (which,  in  turn,  was 
greater  than  that  of  a  prism  spectrometer). 

In  defense  of  grating  spectrometers,  one  should 
point  out  that  an  instrument  of  the  type  originally 
built  by  Golay  did  demonstrate  high  energy  through¬ 
put  and  that  perhaps  Jacquinot’s  argument  should  be 
modified.  As  far  as  we  know,  this  point  has  never 
been  explicitly  raised,  presumably  because  the  counter¬ 
argument  can  be  raised  that  the  multiplexing  process 
introduced  by  Golay  can  also  be  used  to  improve 
interferometric  spectrometers.  For  the  grating 
spectrometer,  multiplexing  would  thus  increase  lumi¬ 
nosity,  while  for  interferometers,  such  as  those  of  the 
Fabry-Perot  variety  which  already  have  high  through¬ 
put,  the  corresponding  advantage  would  lie  in  an 
ability  to  simultaneously  observe  all  spectral  wave¬ 
lengths.  The  multiplexing  process  then  converts  a 
monochromatic  device  such  as  the  Fabry-Perot 


442 


spectrometer  into  a  polyctuomatic  instrument  like  the 
Michelson.  This  multiplexing  advantage  is  the  so- 
called  Fellgett’s  advantage. 

The  tacit  assumption  made  in  the  above  argument 
is  that  multiplexing  can  be  used  to  achieve  only  one 
out  of  two  possible  advantages.  Either  one  can  have 
Golay’s  advantage  in  increased  throughput,  as  is 
realized  in  instruments  built  by  Golay,  Girard8  and 
others;  or  one  can  have  Fellgett’s  advantage  of 
polychromatic  transmission.  Either  process  increases 
the  signal  falling  on  the  detector  at  any  given  time. 

The  point  that  perhaps  has  not  been  explicitly 
made  before  is  that  a  double-multiplexing  scheme 
can  endow  an  instrument  with  both  increased  lumi¬ 
nosity  and  polychromatic  transmission. 

The  purpose  of  the  present  paper  is  to  show  that 
multiplex  spectrometry  with  grating  instruments 
actually  permits  the  construction  of  high  luminosity 
instruments  that  can  compete  with  Michelson  inter¬ 
ferometric  spectrometers.  As  with  Michelson  inter¬ 
ferometers,  these  instruments  show  their  greatest 
advantage  under  conditions  where  measurements 
are  detector-noise  limited  and  where  the  source  of 
radiation  is  diffuse.  With  photon-noise  limited  detec¬ 
tors,  only  the  luminosity  gain  is  realized,  but  such  a 
gain  is  still  useful. 

In  the  instrument  analyzed  here,  an  initial  stage  of 
multiplexing  is  introduced  at  the  entrance  of  the 
spectrometer  and  a  second  multiplexing  stage  follows 
at  the  instrument’s  exit  plane.  The  signal-to-noise 
ratio  advantage,  which  can  be  achieved  over  an 
ordinary  grating  instrument,  is  shown  to  be  com¬ 
parable  to  that  of  ‘he  Michelson  instrument.  This 
can  be  understood  as  follows.  In  order  to  describe 
the  intensity  of  i\  spectral  elements,  a  Michelson 
interferometric  spectrometer  will  generally  need  to 
make  measurements  it  ~2.V  different  mirror  separa¬ 
tions  (.V  measurements  on  each  side  of  the  white  light 
fringes).  Fnder  certain  conditions  this  number  can  be 
reduced  to  .V.  In  a  similar  way,  Sioane  (Chapter  47) 
has  shown  that  there  are  (21V  —  1)  determinations 
required  for  a  doubly  multiplexed  grating  instrument. 
The  radiant  power  incident  on  the  detector  is  roughly 
the  same  in  both  cases;  it  differs  by  a  factor  of  the 
order  of  the  ratio  of  the  beamsplitter  energy  loss  to 
the  grating  energy  loss.  This  factor  is  on  the  order  of 
unity  and  by  no  means  amounts  to  the  orders  of 
magnitude  claimed  in  comparisons  of  grating  and 
interferometric  instruments.  Thus,  there  appears  to 
exist  no  fundamental  restriction  which  limits  grating 
instruments  to  an  inferior  role,  provided  the  multi¬ 
plexing  techniques  are  fully  exploited. 

48-2  MULTIPLEX  ADVANTAGE 

The  encoding  procedure  has  been  described  by 
Harwit  rt  of .*  and  in  Chapter  47  by  Sioane.  The  for¬ 
mer  have  shown  that  .V*  measurements  can  be  made 
to  estimate  2.V - 1  spectral  elements.  The  latter 
has  indicated  how  the  number  of  measurements  can 
be  reduced  to  2.V  —  1.  Table  48-1  gives  the  results  of 
a  comparison  of  the  total  mean  square  error  for  three 


different  grating  spectrometers.  The  first  column 
gives  the  number  of  unknown  spectral  elements. 
The  remaining  three  columns  give  the  total  mean 
square  error  for  a  conventional  spectrometer,  a  singly 
multiplexed  spectrometer  described  by  Decker 
(Chapter  46),  and  a  doubly  multiplexed  spectrometer 
making  Na  measurements  described  by  Harwit  et  al.9 
The  last  two  instruments  use  the  S  code  (Chapters 
46  and  47). 


Table  48-1.  '  Comparison  of  Total  Mean  Square  Error  for 

3  Grating  Spectrometer*  in  Estimating  N  Unknowns 


N 

No  Mask 

Single  Mask 

Double  Masks 

3 

3<r2 

2.25  o2 

2.56  cr2 

7 

7  <ra 

3.06  o  2 

2.00  o2 

11 

11  <T2 

3.36  <ra 

1.51  <ra 

19 

19  <ra 

3.61  <ra 

.98  <r2 

N 

N  ( ra 

H&)*- 

22.2  3 
~1 T* 

for  N  large 

(<r2  is  the  mean  square  noise  in  a  single  measurement 

,  .  , .  To  constant  ■  N  \ 
made  in  time  jj  ;  a  - - j, - .1 


The  comparison  assumes:  (1)  a  fixed  total  meas¬ 
uring  time  7*;  (2)  constant  incident  energy  density; 
(3)  any  equal  number  N  of  spectral  elements  to  be 
estimated;  (4)  identical  photodetectors;  and  (5) 
constant  slot  widths. 

The  only  reason  for  presenting  Table  48-1  on  the’ 
basis  of  Na  measurements,  rather  than  2JV— 1,  lies 
in  the  greater  simplicity  of  the  mathematical  treat¬ 
ment  of  the  error  analysis.  Note,  however,  that  in 
astronomical  applications  the  use  of  Na  measurements 
can  give  additional  information  about  the  difference 
in  the  spectral  distribution  of  light  reaching  the 
instrument  from  different  portions  of  the  source. 

48-3  BENCH  MODEL  OP  DOUBLY  MULTIPLEXED 
SPECTROMETER 

A  bench  model  of  a  doubly  multiplexed  spectrom¬ 
eter  was  set  up  in  the  laboratory  at  Cornell.  It  is 
shown  in  Figure  48-1.  Figure  48-2  gives  the  optical 
diagram.  The  masks  were  drawn  to  actual  siae  and 
reproduced  on  clear  plastic.  A  seven  element  8  code 
was  used  with  successive  encoding  positions  generated 
in  the  stepwise  manner  described  by  Decker  (Chapter 
46).  The  two  masks  were  fastened  to  two  movable 
elements  of  a  dove-tailed  slide.  Each  slot  of  the  mask 
was  1  mm  wide  giving  a  total  slit  width  of  7  mm. 

Th?  collimating  mirror  was  a  50  cm  focal  length, 
f/  '.  parabaloid.  ‘Hie  dispersive  element  was  a  7.5  cm 
square,  300  grooves/mm  grating  biased  at  1000  A. 

The  system  was  aligned  by  imaging  the  entrance 
aperture  on  the  exit  aperture  for  the  third  order 
mercury  green  line.  Other  lines  were  excluded  by  a 
filter.  The  resolving  power  of  the  system  was  925 
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figure  48-1.  Bench  Model  of  Doubly  Multiplexed  Dis¬ 
persive  Spectrometer 


Figure  48-2.  Optical  Diagram  of  Bench  Model  Speo- 
trometer 


wityi  an  overall  f-ratio  if  f/7.  A  phototube  measured 
the  transmitted  radiation  and  a  digital  voltmeter 
displayed  the  phototube  output. 

The  results  of  the  experiment  are  shown  in  Figure 
48-3.  The  dotted  line  is  the  recovered  spectrum  using 
N*  (Af -7)  measurements  employing  the  technique 
described  by  Harwit  el  of.,*  and  Sloane.  The  solkl 
line  is  the  spectrum  recovered  by  using  the  linearly 
independent  13  measurements  given  by  Sloane 
(Chapter  47). 

The  signal-to-noiae  ratio  of  the  solid  spectrum  is 
worse  because  the  total  observing  time  was  a  factor 
of  seven  less  than  that  of  the  broken  spectrum. 
Nevertheless,  the  single  mercury  line  is  dearly  visible 
in  both  cases. 

Admittedly,  the  bench  model  was  rather  inelegant. 
Nevertheless,  it  points  to  the  important  fact  that  a 
doubly  dispersive  spectrometer  is  not  plagued  by  the 
line  tolerances  associated  with  interferometric  spec¬ 
trometers.  It  took  only  a  few  hours  to  set  up  the 
experiment  and  these  results  were  produced  the  first 
time. 

48-4  COMPARISON  OP  OOUUY  MUtTWUXBD  AND 
MICH&SON  SKOtOMCTBtS 

The  Mkhebon  spectrometer  was  first  compared 
to  a  single  slit  grating  instrument  As  is  well  known 


Figure  483.  Spectra  Recovered  from  Laboratory  Bench 
Model  Showing  Mercury  Omen  Line.  The  solid  line  is  for 
2N—  1b  13  measurements  and  the  broken  line  for  JV*«49 
measurements 

the  Michelson's  advantages  can  be  separated  into 
two  distinct  kinds.  First,  there  is  a  multiplex  ad¬ 
vantage,  which,  for  N  spectral  elements,  is  equivalent 
to  a  reduction  of  the  total  mean  square  noise  by  a 
factor  ~2/N.  Second,  there  is  the  luminosity  ad¬ 
vantage  which  gives  a  greater  effective  signal  for  a 
constant  detector  noise.  As  viewed  here,  this  will 
improve  the  figure  of  merit  for  the  Michelson  over 
that  of  a  single  s’it  grating  instrument  by  another 
factor  of  the  order  of  the  ratio  of  the  acceptance  area 
times  the  acceptance  solid  angle  of  both  instruments. 
For  instruments  with  identical  resolving  powers,  this 
ratio  is  not  substantially  different  from  the  ratio  of 
the  throughputs  of  the  doubly  multiplexed  and  single 
slit  instruments.  A  comparison9  shows  that  when 
realistic  grating  and  mask  transmission  losses  are 
taken  into  account,  a  multiplexed  grating  instrument 
should  still  compare  favorably  with  an  interferometer 
in  total  energy  throughput. 

In  other  words,  the  Michelson  interferometer’s 
multiplex  advantage  gives  an  improvement  in  signal- 
to-noise  ratio  by  a  factor  of  order  We  find  in 
Table  48-1  a  similar  improvement  in  going  from  a 
normal  single  slit  spectrometer  to  a  simple  multi¬ 
plexed  system.  The  Michelson  also  has  an  energy 
throughput  advantage  over  a  single  slit  spectrometer. 
The  additional  gain  of  a  factor  of  order  S  in  the 
double  mask  situation  of  Table  48-1  gives  a  through¬ 
put  advantage  which  also  corresponds  to  that  of  the 
Michelson.  A  detailed  comparison  of  the  relative 
merits  of  interferometers  and  doubly  multiplexed 
dispersive  system*  would  therefore  center  around 
factors  which  would  depend  on  such  things  as  re¬ 
flection  and  transmission  losses,  sites  of  available 
gratings  or  brim  splitters,  and  similar  instrumental 
questions. 

For  these  reasons,  we  feel  that  doubly  multiplexed 
dispersive  spectrometer*  should  be  seriously  con¬ 
sidered  for  high  throughput  application*. 
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Abstract 


An  algorithm  is  presented  which  enables  certain  matrix  multiplications  in  a 
diguJ  computer  to  be  implemented  with  a  considerable  savings  in  storage  and 
computational  operations.  For  an  N  XN  matrix  vector  multiplication  a  maximum 

H-I 

of  N^P,  storage  words  and  computer  operations  are  necessary  compared  to 

normal  matrix  requirements  of  N3  locations  and  operations.  The  algorithm  has 
as  subsets  the  generation  of  the  fast  Fourier  transform,  fast  Hadamard  transform, 
fast  Walsh  transform,  fast  Kronecker  matrix  transform,  and  an  infinite  class  of 
transformations  unnamed  but  potentially  useful  in  generalised  spectral  analysis 
as  well  as  coding,  bandwidth  reduction,  and  feature  selection. 


49-1  INTRODUCTION 

The  use  of  high  speed  digital  computers  has  greatly 
enhanced  the  techniques  of  signal  processing  by 
allowing  complex  mathematical  relations  to  be  im¬ 
plemented  in  a  relatively  short  span  of  time.  However, 
certain  computational  tasks,  such  as  matrix  multi¬ 
plication,  still  require  an  inordinate  amount  of  com¬ 
putational  complexity  as  well  as  storage  demands. 
Because  vector-matrix  operations  are  so  prevalent 
in  signal  analysis  problems,  it  becomes  quite  useful  to 
attempt  a  streamlining,  where  possible,  of  the  com¬ 
puter  matrix  multiplication  process.  Probably  the 
most  famous  of  these  efforts  has  resulted  in  the  fast 

•  TW*  wort  nhwMH  b»  *  NASA  Oruu  NGMkS  OIOOM  Soppl* 
mM  No.  I  mS  i  m.  (nut  Jn/SHia. 


Fourier  transform  (FFT)  in  which  the  data-vector- 
Fourier-matrix  multiplication  is  implemented  much 
more  effectively  than  normal  matrix  multiplication 
requirements.1  Of  somewhat  lesser  fame  but  of  great 
importance  is  the  fast  Hadamard  or  Walsh  transform 
(FHT,  FWT)  which  also  has  resulted  in  considerable 
savings  in  computational  and  storage  requirements 
for  computer  implementation. * 

The  techniques  providing  for  the  FFT  and  FHT 
are  based  upon  a  matrix  factorisation  which  appears 
to  be  due  to  flood*  and  which  can  be  generalised  to 
describe  a  factorisation  technique  which  is  a  function 
of  the  degrees  of  freedom  in  the  definition  of  the 
particular  matrix  subject  to  multiplication.  Thus,  if 
an  arbitrary  X  X  .V  matrix  is  presented,  it  has  a 
maximum  of  ,V*  degrees  of  freedom  and  consequently 


440 


will  require  Ar 2  computer  operations  for  vector- 
matrix  multiplication.  However,  if  the  N  X  N 
matrix  has  some  additional  constraint  limiting  its 
maximum  number  of  degree*  Of  freedom,  then  it 
seems  plausible  that  a  vector  matrix  multiplication 
should  require  less  than  .V2  operations.  Indeed,  this 
paper  presents  a  class  of  matrices  of  dimension 
.V  X  .V  where  AT  is  a  highly  composite  number, 


V=n  Pr, 

r-0 


P,  is  an  integer;  and  vector  matrix  multiplication  can 
be  implemented  in 


«—  l 

N  t, 

r-0 


operations.  The  observant  reader  will  note  that  when 
the  set  of  {/*,}  are  all  the  same  the  above  dimension 
becomes  S  =  pn  and  the  number  of  operations  be¬ 
comes  pS  log,  N  which  is  the  common  reference 
index  for  the  l-TT  and  FHT.  However,  in  addition 
to  having  the  FFT  and  l'HT  as  subsets  of  the  for¬ 
mulation  presented  here,  the  class  of  Kroneekcr 
matrices4  "  are  also  included. 

49-2  DEGREES  OF  FREEDOM 

The  development  of  an  efficient  matrix  multiplica¬ 
tion  algorithm  is  based  upon  the  amount  of  redun¬ 
dancy  built  into  the  matrix  in  question,  and  a  measure 
of  such  redundancy  is  the  maximum  number  of  degrees 
of  freedom  allowable  in  the  generation  of  the  matrix. 
A  degree  of  freedom  is  defined  to  be  an  arbitrary 
entry  or  parameter  in  a  matrix.  For  the  class  of 
matrices  to  be  described  in  this  paper  and  denoted 
as  a  generalised  fast  transform  (GIT)  in  keeping 
with  the  FFT  and  FHT,  the  maximum  number  of 
degrees  of  freedom  is  given  by 


v£/». 


and  .V  has  the  aforementioned  constraint  of 


GFT  machine)  is  designed  to  implement  a  class  of 
matrices  described  by  a  maximum  of 


»  —  1 

•V  Y.  Pr 

r-0 


degrees  of  freedom  in  the  same  number  of  computa¬ 
tional  operations.  Thus,  such  a  machine  is  optimal 
in  some  sense  since  it  would  be  impossible  to  imple¬ 
ment  a  linear  transformation  in  fewer  operations  than 
degrees  of  freedom.  In  addition  to  implementating 
the  multiplication  in  fewer  number  of  computations 
than  normally  required  (A  2),  it  is  possible  to  save 
considerable  storage  requirements  in  the  computer. 
This  storage  savings  results  from  storing  only  the 
parameters  necessary  for  algorithmic  generation  of 
the  matrix  and  will  always  be  equal  to  the  actual 
degrees  of  freedom  and  considerably  less  than  N 2 
storage  requirements  for  our  arbitrary  N  X  N  matrix. 
It  will  be  necessary  to  develop  algorithms  for  the 
description  of  the  matrices  in  arithmetic  rather  than 
two  dimensional  array  formats.  Towards  this  end  it 
becomes  useful  to  investigate  lexicographic  number 
systems. 

49-3  LEXICOGRAPHIC  NOTATION 

Lexicographic  or  dictionary  notation  refers  to  the 
use  of  a  variety  of  bases  or  radices  in  a  positional 
digit  notation  system.  Thus,  the  numbers  represented 
by  A"  and  V  can  be  described  as 


A'-A\_,A,_lt.  .,*,A'0 

where  A  ,6  JO,  1, . .  ,  /\-  1) ,  (49-1) 


and 


r- e,  1-0 

where  10, 1 _ _  P,~ »?.  (49-2) 


The  base  or  radix  is  represented  by  the  integers  P, 
and  the  rth  digit  counts  modulo 


•  I 


T 


ft 


n  * 

tm  0 


r-l 

n* 

ft**© 


The  rth  digit  will  always  cycle  U  *ough  P,  unique 
The  GFT  matrix  formulation  (aho  described  as  a  integers  from  0  through  P,~  I . 
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In  order  that  advantage  can  be  made  of  the  lex¬ 
icographic  notation,  it  becomes  useful  to  denote  the 
rows  of  matrices  by  the  index  X,  and  the  columns  of 
matrices  by  the  index  V.  Then,  to  describe  a  par¬ 
ticular  element  within  a  matrix,  it  is  only  necessary 
to  note  the  value  of  the  row  X  and  column  U  inter¬ 
section.  Note  that  both  X  and  U  take  on  values  zero 
through  N~l.  It  becomes  necessary  to  decode  the 
indices  in  a  digit-by-digit  fashion  similar  to  binary 
bit  decoding.  Towards  this  end  consider  a  mathe¬ 
matical  technique  of  decoding  the  X  variable  defined 
as 


This  implies  that  the  UFT  will  be  completely  defined 
by  n  core  matrices  Mr,  each  of  dimension  P,  by  N 
and  it  will  then  be  necessary  to  store  only 


»  —  1 

A  £  /\ 

r-0 


parameters  rather  than  the  N2  entries  of  the  trans¬ 
formation  matrix. 

While  advantage  has  been  taken  of  the  reduced 
storage  requirement,  generation  of  the  resulting 
transformation  has  yet  to  be  demonstrated.  The 
ultimate  transformation  matrix,  denoted  by  Hn  (.V,  ( ') , 
will  be  of  dimension  N  X  .V  and  implies  that  the 
entries  at  the  A'th  row  and  I’th  column  will  be  al¬ 
gorithmically  defined.  In  addition,  the  //„(A\  V) 
matrix  will  be  factorable  into  a  product  of  n  matrices 
denoted  by  G„  each  of  which  will  have  only  P,.\ 
nonzero  entries  and  will  be  completely  defined  by  the 
respective  core  matrix  Mr.  Therefore 


A  =  A„_„...,Ar . AoA^'0,1 . PT- 1}, 

(49-3) 


to  be  the  operation  of 


n 

r— 0 


P-I 


£  S(X'-i). 
1-0 


(49-4) 


//„(*,  n  =  [CK_,)[C._3l . . .  [c,l ,  . .  [G.JIGol. 


Here  the  delta  function,  i (a-b).  takes  on  the  value 
unity  only  when  a-b  and  is  zero  otherwise.  The 
digit-by-digit  decoding  operation  characterized  by  the 
mathematical  product  and  sum  relations  above  can 
be  described  as  summing  all  the  delta  functions  pos¬ 
sible  for  the  rth  digit,  only  one  of  which  will  be  non¬ 
zero.  The  product  operand  then  multiplies  the  correct 
delta  function  for  each  digit  to  describe  the  entire 
word  X.  Therefore,  the  decoding  expression  will  be 
unity  only  when  the  .V  value  has  been  decoded 
properly  and  will  be  zero  otherwise. 

49-4  MATRIX  FORMULATION 

The  underlying  premise  for  implementing  fast 
algorithms  and  efficient  storage  techniques  for 
multiplication  of  redundantly  defined  matrices  is  to 
take  advantage  of  the  maximum  number  of  degrees 
of  freedom  of  submatrices  generating  the  ultimate 
,V  X  .V  matrix.  Thus,  if  a  total  of  »  core  matrices 
Af,  are  defined,  such  that  each  core  matrix  is  of 
dimension  P,  X  X.  then  the  total  maximum  number 
of  degrees  of  freedom  for  a  set  of  a  core  matrices 
becomes 


The  fact  that  the  transformation  matrix  H»(X,  V) 
is  factorable  into  a  product  of  matrices  (?„  each  of 
dimension  .V  X  IV  and  each  with  a  high  density 
of  zero  elements,  implies  that  a  reduced  number  of 
operations  will  be  necessary  far  vector  matrix  multi¬ 
plication  of  the  series  of  nG,  matrices  as  opposed  to 
the  //,(A\  V)  matrix  of  possibly  nonzero  entries. 
The  nonzero  entries  in  the  0%  matrices  are  those  in  the 
N,  core  matrices  and  are  deterministically  placed 
such  that  there  are  only  P,  nonzero  entries  in  each  row 
and  in  each  column.  Therefore  when  a  veett  r  is 
multiplied  by  the  first  (#.„t  matrix,  a  total  of  P,  .  t.V 
operations  will  be  necessary*.  When  the  resulting 
vector  is  multiplied  by  the  next  matrix,  a  totai 
/',  j.V  operations  will  be  necessary.  After  alt 
v*  etor-fi?,-malrix  operations  are  complete,  a  total  of 


R-l 


y  £  /% 

r 


I 


.v  £  p,. 


f-0 


operations  will  have  been  involved,  a  considerable 
savings  over  the  normal  vector  /f, (A*.  f‘)  matrix 
multiplication  t  .juirement  of  .V*  operations.  Kadi 
G,  matrix,  denoted  as  a  Good  matrix  after  the  author 
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of  one  of  the  original  factorization  techniques,3  is 
completely  described  by  the  respective  M,  core  matrix. 

The  ultimate  transformation  matrix  H„(X,  U)  c1 
is  given  by  the  matrix  product  in  Eq.  (49-5).  How¬ 
ever,  this  equation  can  be  simplified  according  to  the 
decoding  notation  introduced  earlier: 


«*,-».))  (if  "z  «(*.-<-.)) 

\  yrs=0  1  \«=0  *'.=0  ’ 

/n-1  F.-l  \ 

(n  Z  )  (49-6) 

\«=r  t>,=0  / 

and 

Hn(X,  C>n  (49-7) 

r-0 


Figure  49-1.  8X8  Hadamard  Matrix 


Equations  (49-6)  and  (49-7)  can  be  interpreted  in  the  •  eters.  Each  of  the  n  parameters  originates  from  a 
following  way.  The  entry  in  a  given  row  X  and  different  core  matrix.  In  all  cases  the  column  index 
column  U  is  determined  by  the  product  of  n  param-  of  the  core  matrix  is  completely  defined,  n  digits,  as 


w°  w°  w°  w°  w°  w°  v°  w° 

w°  w°  w°  w2  w°  w°  w°  w2 

w°  w°  w°  w°  w°  w°  w° 

M2B 

JV°  w°  w°  w°  w4  w5  w6  w7 

.  Mj  = 

w°  w°  w4  w 6  w°  w°  w4  vt6_ 

*  “o' 

w°  w4  w°  w4  w°  w4  w°  w 4 

h2=  [G23[G1HG0] 


w°  w°  w°  w°  w°  w°  w°  w° 
w°  w4  w2  w6  w1  w5  w3  w7 
w°  w°  w4  w4  w2  w2  w6  wfc 
w°  w4  w6  w2  w3  w7  w1  w5 
w°  w°  w°  w°  w4  w4  w4  w4 
w°  w4  w2  w6  w5  w1  w7  w3 
w°  w°  w4  w4  w6  w6  w2  w2 
w°  w4  w6  w2  w7  w3  w5  w1 


w°  w°  w°  w°  w°  w°  w°  w° 
w°  w1  w2  w3  w4  w5  w6  w7 
w°  w2  w4  w6  w°  w2  w4  w6 
w°  w3  w6  w1  w4  w7  w2  w5 
w°  w4  w°  w4  w°  w4  w°  w4 
w°  w5  w2  w7  w4  wl  w6  w3 
w°  w6  w4  w2  w°  w6  w4  wz 
w°  w7  w6  w5  w4  w3  w2  w1 


Lexicographically  Reordered 

vh-nr] 

W  =  exp  (*§*■) 


Figure  49-2.  8X8  Fourier  Transform 
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is  the  row  index  yT  of  the  respective  core  matrix.  Note 
that  not  all  digits  of  the  row  X  or  column  V  indices 
are  defined  by  the  decoding  in  the  exponent.  This 
simnly  means  that  the  particular  core  entry  defined 
by  the  decoding  occurs  a  multiple  number  of  times 
in  the  Hn(X,  U)  matrix  in  the  locations  not  com¬ 
pletely  defined  by  the  missing  digits  in  the  X  and  V 
lexicographic  representations.  This,  indeed,  is  what 
allows  each  entry  of  the  M,  core  matrix  to  affect 
N/Pr  different  entries  in  H,.{X,  V). 

While  Eqs.  (40-6}  and  (40-7)  are  mathematically 
cumbersome,  it  is  important  to  realise  that  they  only 
represent  decoding  of  lexicographically  represented 
row  and  column  indices.  Consequently,  the  algorith¬ 
mic  generation  of  the  Hn(X,  IT )  transformation 
matrix  in  a  computer  program  will  only  decode  the 
lexicographic  row  and  column  indices  digit  by  digit. 


49-5  APPLICATIONS 

It  has  been  shown  that  the  formulation  presented 
above  includes  the  class  of  transformations  defined 
by  Kronecker  products.6  Probably  the  simplest 
example  of  a  transformation  resulting  from  a  Kro¬ 
necker  product  is  that  given  by  a  2X2  matrix 
Kroneckered  with  itself  n  times.  Let 


Mr= jj  _J  .  (49-8) 


The  8X8  matrix  generated  by  this  core  is  in  Figure 
49-1.  This  matrix  is  known  as  a  }  (adamard  matrix7  of 
order  2  and  implements  a  discrue  WTalsh  transform 
on  a  vector  multiplied  by  the  mat  ix.8 

As  a  final  example,  consider  tue  generation  of  a 
Fourier  transform  of  resolution  8X8.  In  this  case 
three  core  matrices  of  2  X  8  dimensions  each  will 
completely  define  the  transformation.  Figure  49-2 
presents  such  an  example.  Notice  the  need  for  lex¬ 
icographic  reordering  to  recombine  the  spectral 
coefficients  according  to  increasing  frequency.  This 
need  manifests  itself  in  the  FFT  literature1  and  the 
reordering  in  this  example  is  nothing  more  than 
reading  the  binary  representation  of  the  columns  of 
H2  in  reverse  order  resulting  in  the  H?  matrix. 

Examples  of  two-dimensional  transformations  using 
both  the  Fourier  and  Hadamard  GFT  implementation 
are  presented  with  the  original  scenes  in  Figures  49-3, 
49-4,  and  49-5. 


a.  Surveyor  box  b.  Surveyor  boom 


c.  Moonscape 

Figure  49-3.  Original  Images 

49-6  CONCLUSIONS 

This  paper  presents  the  results  of  research  into  a 
method  of  streamlining  certain  vector  matrix  multi¬ 
plication  operations  for  implementation  in  a  digital 
computer.  The  efficient  storage  and  implementation 
requirements  have  been  obtained  based  on  a  degrees- 
of-freedom  analysis  and  it  has  been  shown  that  the 
algorithm  for  multiplication  of  matrices  described  in 
this  paper  is  optimum  in  the  sense  that  there  are  as 
many  possible  degrees  of  freedom  as  computer 
operations  necessary  (there  could  be  no  more  degrees 
of  freedom  for  the  same  number  of  computer  opera¬ 
tions).  The  algorithm  presented  is  based  on  a  lex¬ 
icographic  notation  system  such  that  digit-by-digit 
decoding  enables  one  to  keep  track  of  how  a  few 
numbers  of  parameters  control  a  large  number  of 
entries  in  the  ultimate  transformation  matrix.  The 
algorithm  for  description  of  the  transformation 
matrix  is  presented  in  a  rather  complex  equation 
which  is  shown  to  considerably  simplify  for  restrictive 
cases.  Such  cases  included  as  subsets  of  this  algorithm 
are  the  class  of  Kronecker  matrices,  fast  Fourier 
transforms  (FFT),  and  fast  Walsh  or  Hadamard 
transforms  (FWT,  FHT),  and  a  variety  of  other 
matrix  transformations.  Specific  matrix  and  image 
transform  examples  are  presented  to  verify  the 
analysis. 


4'iO 


-12- 


a .  Logarithm  display  of 
Surveyor  box  transform 


c.  Logarithm  display  of 
Surveyor  boom  transform 


e.  Logarithm  display  of 
Moonscape  transform 


b.  Threshold  display  of 
Surveyor  box  transform 


d .  Threshold  display  of 
Surveyor  boom  transform 


f.  Threshold  display  of 
Moonscape  transform 


* 


* 


i 


Figure  40-4. 


Fourier  Transforms 


a .  Logarithm  display  of 
Surveyor  box  transform 


c.  Logarithm  display  of 
Surveyor  boom  transform 


e.  Logarithm  display  of 
Moonscape  transform 


Figure  49-5. 
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b.  Threshold  display  of 
Surveyor  box  transform 


d.  Threshold  display  of 
Surveyor  boom  transform 


f.  Threshold  display  of 
Moonscape  transform 


Transforms 
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50.  Fourier  Spectroscopy  at  the  Lunar  and  Planetary 
Laboratory  of  the  University  of  Arizona 


Uwe  Fink  and  Harold  Larson 
University  of  Arizona 
Tuoon,  Arizona 


Abstract 


The  high  altitude  spectroscopy  program  of  the  Lunar  and  Planetary  Laboratory 
at  the  University  of  Arizona  is  briefly  outlined.  A  short  description  of  the  in¬ 
strument  and  the  data  reduction  technique  is  given.  Representative  spectra 
of  the  Moon,  Venus  and  Mars,  taken  aboard  the  high  altitude  airplane,  are  shown. 
Further  spectra  taken  with  a  ground-based  telescope  are  then  shown  and  discussed. 


50-1  INTRODUCTION 

The  Fourier  spectroscopy  program  started  at  the 
Lunar  and  Planetary  Laboratory  when  a  small 
20  cm-'  resolution  interferometer  was  made  available 
to  Dr.  G.  P.  Kuiper  by  L.  Mertz.1,2  The  inter¬ 
ferometer  was  used  on  one  of  the  flights,  in  April 
1967,  of  the  NASA  Convair  990  airplane  as  part  of  the 
Lunar  and  Planetary  Laboratory  high  altitude 
spectroscopy  program.  Despite  aircraft  vibrations 
the  instrument  performed  very  well.  Spectra  were 
obtained  of  Mars  and  Venus  with  the  Moon  ns  a 
comparison  during  seven  flights  in  the  period  April  to 
June  1967.  These  early  spectra  together  with  a 
description  of  the  high  altitude  program  are  pub¬ 
lished  in  the  Communications  of  the  Lunar  and 
Planetary  Laboratory .s•4'5 

The  purpose  of  high  altitude  flights  is  to  get  above 
the  tropopause,  the  cold  trap  for  water  vapor  in  our 
atmosphere.  The  tropopause  lies  near  altitude 
7  to  8  km  in  the  polar  areas,  11  to  12  km  in  the  middle 


latitudes,  and  IS  km  in  the  tropics.  Thus,  for  effective 
use  in  our  latitudes,  a  plane  must  fly  higher  than 
12  km  or  about  40,000  ft.  The  water  vapor  then 
remaining  above  the  plane  is  remarkably  independent 
of  season  or  local  weather  conditions,  being  about  lOp 
precjpitnblc  HjO  in  the  direction  of  the  zenith.0 
Thus,  the  water  vapor  is  cut  by  more  than  a  factor  of 
1000  for  near  sea  level  operation,  or  by  almost  a 
factor  of  100  for  a  good  infrared  mountain  obser¬ 
vatory  site.  The  effect  of  the  decreasing  water  vapor 
is  shown  quite  dramatically  in  the  solar  sjjectra  in 
Figure  50-1  taken  on  23  June,  1967,  using  the  20  cm-1 
resolution  Mertz  interferometer.  Some  absorption 
remains  in  the  1.9  p  H2G  band  at  41,000  ft  altitude,  a 
little  less  for  the  1.4  p  band,  while  the  absorption  at 
1.1  p  is  for  all  practical  purposes  eliminated. 

From  the  Venus  spectra  obtained  during  the  same 
series  of  flights,  it  was  immediately  possible  to  put  a 
lower  or  upper  limit  for  water  vapor  or  ice  clouds  in 
the  Venus  atmosphere. 
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50-2  INTERFEROMETER  DESCRIPTION  AND  DATA 
REDUCTION  SYSTEM 

Due  to  the  success  of  the  20  cm-1  interferometer, 
a  new  interferometer  of  8cm-1  resolution  was 
obtained  from  Block  Associates.  The  interferometer 
is  of  the  rapid  scan  type  with  an  f/13  input  beam  to 
match  existing  telescopes.  The  instrument,  together 
with  the  PbS  detector  cold  box,  is  shown  in  Figure 
50-2,  attached  at  the  Cassegrain  focus  of  the  61-in. 


Figure  50-2.  The  Interferometer  Attached  to  the  Cassegrain 

Focus  of  the  01-in.  Catalina  Observatory  Telescope  (Dr. 
Kuipsr  observing) 


Catalina  Observatory  telescope  of  the  Lunar  and 
Planetary  Laboratory.  In  the  airplane  it  was  used 
with  a  12-in.  teiesoope  fed  by  a  gyroetabilised  helio- 
stat  mirror  looking  through  a  12X14  in.  dry  quarts 
window  at  an  angle  of  65*  from  the  horison. 

The  interferometer  consists  of  two  “cubes", 
that  is,  essentially  two  separate  interferometers  with 
the  moving  mirrors  in  both  cubes  driven  by  the  same 
magnetic  coil.  The  “reference  cube”  has  the  He  1.09  p 
line  as  a  monochromatic  input  and  a  whits  light 
input  The  "signal  cube"  has  the  potential  for  two 
inputs  and  two  outputs.  The  center  of  the  signal 
interfcrogram  is  sdjusted  so  that  it  occurs  about 
120p  after  that  of  the  white  light  interfcrogram  of  the 
reference  cube. 

The  instrument  was  modified  by  Dr.  H.  L.  Johnson 
in  several  wavs.  The  minor  displacement  was 
slightly  increased  to  give  a  resolution  of  about 
5  cm-1.  A  broadband  green  input  was  added  to  the 
signal  cube.  With  this  additional  iiiterferogram 
occurring  at  the  same  place  as  the  signal  interfero- 
gram,  small  temperature  deiwndcnt  phase  shifts 
between  the  two  cubes  could  be  monitored  and 
corrected.  The  two  uncooled  Pb8  detectors  were 
replaced  by  a  single,  good  0.25X0.25  mm  PbS 


detector  cooled  to  liquid  N2  temperature.  The  beam 
was  focused  on  the  detector  by  a  system  of  a 
CaF2-LiF  achromatic  triplet  and  a  sapphire  aplanatic 
immersion  lens  designed  by  Dave  Steinmetz. 

The  velocity  of  the  moving  mirror  is  such  that  the 
frequency  of  the  1.08  m  reference  line  is  about  800  Hz. 
The  output  from  the  preamp  and  amplifier  of  the 
detector  goes  through  a  filter  set  at  150  to  900  Hz 
(corresponding  to  the  spectral  region  of  about  1.5  m). 
It  is  then  recorded  along  with  the  reference,  white 
and  green  signals,  on  a  seven-track  analog  magnetic 
tape  recorder. 

The  system  of  adding  the  interferograms  was  also 
changed  from  the  original  Block  coadder  and  paper 
tape  to  a  procedure  developed  jointly  by  Roger 
Thomson  of  MIT  and  R.  I.  Mitchell  of  the  University 
of  Arizona.  The  magnetic  tape  is  read  at  twice  the 
recording  speed  through  another  filter  and  an  AD 
converter  into  an  IBM  1130  computer.  The  computer 
adds  the  interferograms  in  phase  by  means  of  a 
trigger  from  the  signal  cube  white  light.  The  zero 
crossings  of  the  reference  fringes  provide  the  sample 
points  for  the  AD  converter.  The  relative  drift 
between  the  two  cubes  is  adjusted  by  means  of  the 
green  signal.  (The  reference  cube  and  signal  cube 
signals  are  read  with  two  different  heads  of  the  tape 
recorder  so  that  a  change  of  the  tape  distance  between 
the  heads  with  a  micrometer  is  equivalent  to  a  phase 
change  between  the  two  cubes.)  In  the  case  of  the 
airplane  data,  about  1000  to  2000  scans  were  added  in 
each  case  to  give  a  coadded  interferogram.  A  phase 
corrected  power  spectrum  is  obtained  from  the 
Fourier  transform  of  the  interferogram. 

50-3  HIGH  ALTITUDE  AND  GROUND-BASED  SPECTRA 

Samples  of  the  spectra  obtained  with  the  8  cm-1 
resolution  interferometer  during  the  high  altitude 
program  are  shown  in  Figures  50*3.  504,  and  50-5. 
Figure  50-3  shows  a  spectrum  of  the  Moon  obtained 
during  two  flights  on  May  5  and  6.  1968,  with  a  total 
observing  time  of  five  hours.  The  remains  of  the 
telluric  water  vapor  bands  at  1 .4  m-  1-9  p,  and  2.7  p  art* 
indicated  by  dots  above  the  lines.  Most  of  the  other 
lines  remaining  are  solar  lines,  the  strongest  of  which 
are  identified  on  the  figure.  Special  note  should  be 
made  of  the  Bracket  lines  of  hydrogen  B6  to  B13. 

Figure  50-4  is  a  ratio  of  the  spectrum  of  Venus 
taken  on  November  27  and  28,  1967,  divided  by  the 
spectrum  of  the  Moon  of  Figure  50-3.  Total  observing 
time  for  Venus  was  3.3  hours.  The  many  CO,,  bands, 
which  are  of  course  shown  so  much  more  clearly  in 
the  Connes’  spectra7  can  be  seen  in  this  figure.  The 
spectrum  of  the  Moon  of  Figure  50-3  was  used  for  the 
ratio  since  it  was  a  very  clean  spectrum  and  would 
not  introduce  additional  noise  in  the  ratio  spectrum. 
Moon  spectra  were  also  taken  on  the  Venus  flight* 
with  very  nearly  the  same  air  mass  as  Venus.  From 
these  spectra  an  abundance  of  2.5  p  precipitate  H*0 
or  a  mixing  ratio  with  respect  to  CO*  of  I0-6  was 
obtained.  A  full  description  of  this  analysis  is  given 
in  Kuiper  rt  ai*  In  Table  50-1  is  presented  a  summary 
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Figure  50-5.  The  CV  !HI0  Airplane  Hatio  Speetrum  of  Mars 
fur  May  29,  ill),  June  2,  -I  Divided  by  the  Speetrum  of  the  Moon 
for  May  20,  211,  JO.  Water  vujtor  is  marginally  detectable  on 
Mars  in  the  II jO  band  at  IlSOOrm*1 


of  the  present  knowledge  of  the  gaseous  constituents 
of  the  Venus  atmosphere.  The  table  reflects  favorably 
on  Fourier  interferometry  since  all  of  the  entries  by 
Con  ties  and  many  of  the  Lunar  and  Planetary 
laboratory  entries  were  obtained  using  this  method, 
together  with  laboratory  calibrations. 

An  airplane  ratio  of  the  spectrum  of  Mars  taken 
May  ill.  t().  and  June  2,  4.  1900.  divided  by  the 
s|>ectrum  of  the  Muon  for  May  20.  29,  20.  1969,  is 
sliown  in  Figure  50-5.  The  Mars  flights  comprise 
n  to  9  hours  of  observing  time.  The  C02  bauds  on 


this  figure  are,  of  course,  much  weaker  than  on  Venus 
but  considerably  stronger  than  the  telluric  ones  in  the 
Moon  spectra.  Unfortunately,  even  averaging  four 
flights  does  not  quite  provide  sufficient  signal-to-nolse 
ratio  to  make  possible  a  goo ...  measurement  of  the 
Martian  water  vapor.  Only  in  the  strong,  saturated 
2.7  m  band  are  there  any  water  lines  left  in  the  ratio. 
Ground  based  spectra  were  taken  with  the  Catalina 
Observatory  Cl-in.  telescope.  Figure  50-6  shows 
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Figure  5045.  The  Spectra  of  Merrury,  Mare,  Jupiter,  and 
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spectra  of  Mercury,  Mars,  Jupiter,  and  the  Moon. 
The  full  resolution  of  all  these  interferograms  is 
5  cm-1,  but  they  are  shown  transformed  only  to 
10  cm-1  resolution  :n  the  figure.  They  serve  to 
orient  the  reader  to  what  types  of  spectral  features  are 
to  be  expected  for  these  plain  ts.  The  spectra  of  the 
Moon  show  the  typical  strengths  of  the  telluric 
H20  absorption  bands  that  can  be  expected  at  the 
8260  ft  (2.50  km)  altitude  of  the  Catalina  Observatory. 
Mars  shows  the  well  known  C02  atmosphere.  Jupiter 
is  almost  opaque  in  the  infrared  due  to  CH4  and  NH3 
absorptions.  No  atmosphere  on  Mercury  was  de¬ 
tected.  The  previous  upper  limit  of  0.04  mb  of  C02 
on  Mercury9  can  probably  be  lowered  by  mains  of 
our  spectra. 

Figure  50-7  shows  a  spectrum  of  Saturn  and  the 
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Figure  SP-7.  Spectre  of  Saturn  and  lb*  Moon  Com¬ 

part'd  With  Ijthoretorv  Spectrum  of  CH«  With  the  40  M 
white  CVU.  The  match  i*  not  romplete  due  to  th*>  rfbcl  of 
trmperetuic  on  thr  intensity  of  the  band*  and  the  •  altering 
atmosphere  of  Saturn 


Moon.  At  attempt  to  interpret  the  Snturti  spectrum 
was  made  bv  taking  laboratory  comparison  spectra 
with  the  40  in  white  cell.  A  sample  is  ahown  on  the 
bottom  of  Figure  50-7.  A  faint  channel  spectrum 
originating  in  the  interferometer  can  also  be  detected. 
The  match  with  Saturn  is  n«*t  quite  perfect  due  to  the 
temperature  difference  and  the  scattering  iwopertie* 
of  Saturn's  atmosphere.  However,  no  eui.  tit  non  t 
other  than  (‘11 4  was  detected  with  tin*  pu**iblc 
exception  of  the  feature  at  4-80Q  em “ 1  which  may  be 
due  to  the  8(1)  line  of  the  pmwurr  tndueed  dipole 
spectrum  of  molecular  hydrogen.10 


A  spectrum  of  the  rings  of  Saturn,  shown  in 
Figure  50-8,  together  with  a  spectrum  of  the  Moon 
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Figure  50-8-  The  Spectra  of  Saturn’s  Rings,  the  Moon, 
and  the  Ratio  Spectrum 


obtained  on  the  same  night  and  reduced  at  the  same 
resolution  was  also  obtained.  Their  ratio  is  shown 
below.  The  night  was  a  particularly  dry  one  as  can  be 
seen  front  the  small  absorption  of  the  l  ip  and  1.8  p 
water  vapor  bands.  In  a  search  for  tl  *  interpretation 
of  the  spectrum  frorv.i  XHS.  (Figure  50-9)  which 
showed  a  sharp  feature  at  6100  cm” 1  agreeing  with  the 
ring  spectrum,  was  first  considered.  Ordinary  tee  at  ap¬ 
proximately  —  20V  dul  not  seem  to  lit.1 1  It  was  then 
pointed  out  by  a  group  at  MIT1*  that  water  ice 
might  present  a  better  lit.  Further  s|»ectm  were 
taken  in  the  laboratory  and  the  tenqs'mture  de- 
pendence  of  HaO  frost  indicated  in  I  igttre  50-10  and 
previously  unsuspected  was  fount!.  Hie  ire  at  liquid 
X,  tcmperatui  •.  'town  on  a  slightly  larger  scale  in 
Figure  50- 10,  provides  a  good  match  as  i»  indicated 
by  the  re  tin  at  the  bottom  of  the  ligttre.  Furtiter  work 
on  this  problem  is  in  progress. 

In  addition  to  the  planetary  *|»eet ra  just  disru«srd, 
a  number  of  stellar  spectra  were  obtaitietl  by  l>r. 
H.  1,.  Johnson  and  hi*  coworker*  with  the  inter¬ 
ferometer.  These  wen*  taken  with  the  .Vfl  nu*lal 
mirror  telescope  of  the  l.unar  ami  I ’I. ■met an  !„alsira- 
tory.  ('atalina  Observatory.  ^|»eelra  of  carbon  stars, 
M  type  stars.  I\  type  star*.  Sinus.  and  o  Tntifi  w«  n* 
obtained.  They  let!  to  the  identilieation  of 

{(it)  by  Jean  I-Vrtel.,‘‘ 
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Figure  50-9.  Comparison  of  the  Spectrum 
of  the  Rings  of  Saturn  to  Various  Laboratory 
lees 


Figure  "  ‘-10.  Comparison  of  the  Absorption  Features 
See:  atom’s  Kings  to  Those  of  Water  Ire  at  Liquid  X2 

Ten  .tures 

50-4  CONCLUSIONS 

In  the  Courier  spectroscopy  program  at  the  Lunar 
and  Planetary  Laboratory  concentration  was  on  two 
aspects  of  this  new  technique:  (1)  The  multiplex 
advantage  has  been  used  on  faint  objects  at  low  reso¬ 
lution  where  the  weak  signal  does  not  permit  higher 
resolution;  (2)  The  interferometer  has  been  used 
successfully  in  environmental  conditions  somewhat 
more  severe  than  in  the  laboratory,  as  for  example  the 
high  altitude  jet  observation  platform. 

In  this  program  the  small  size  and  weight  of  the 
instrument,  which  permits  it  to  be  readily  attached 
to  the  Cassegrain  focus  of  a  moderate  size  telescope, 
has  been  helpful.  The  success  of  the  airplane  ob¬ 
servations  may,  to  a  large  extent,  be  due  to  the  rapid 
scan  technique. 
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Discussion 


Q.  (Robert  Dick.  Barringer  Research.  Ltd.):  Does 
Jupiter’s  spatial  structure  have  any  effects  an  your 
measurements? 

A.  (I'we  Fink):  The  spectra  that  were  shown  were 
taken  with  the  whole  planet  so  that  we  could  not 
resolve  any  structure.  We  are.  however,  planning  to 
take  spatially  resolved  spectra  of  the  bands  on  Jupiter. 

Q.  (Robert  Dick):  You  use  the  moon  as  reference. 
Are  you  confident  that  the  moon’s  surface  does  not 
introduce  any  special  features? 

A.  (I'we  Fink):  The  albedo  of  the  moon,  es¬ 
pecially  if  one  includes  the  emission  at  large  wave¬ 
lengths,  is  not  completely  flat.  It  will  not.  however, 
introduce  any  sharp  spectral  features  of  the  type  we 
are  looking  for.  It  is  necessary  to  have  a  comparison 
for  tht>  telluric  water  vapor  within  a  few  hours  of  the 
planet,  and  the  moon  is  most  convenient  for  that. 

Q.  (I).  A.  Otmen,  University  of  Alberta):  Have 
vou  considered  the  possibility  that  the  spectra  of 
Saturn’s  rings  might  be  caused  by  clathrates  of  ice? 
These  are  entities  in  which  molecules  of  one  substance 
are  completely  enclosed  in  a  lattice  of  another,  a 
water  lattice  in  this  case. 

A.  (l”we  Fink):  No.  we  haven’t. 

().  (I).  A.  Otmen):  These  substances  have  spectra 
which  are  similar  to  those  of  ice,  and  their  spectra  are 


currently  being  investigated  and  seem  to  show 
extra  lines  due  to  the  guest  molecules.  This  might, 
allow  identification  of  other  molecules  in  Saturn’s 
rings. 

A.  (I'we  Fink):  The  spectral  features  that  we  see 
on  the  ring  spectrum  are  all  very  well  explained  by 
low  temperature  ice,  and  we  do  not,  with  the  present 
resolution,  see  any  extra  lines. 

Q.  (Dr.  Alain  L.  Fymat,  Jet  Propulsion  Labora¬ 
tory):  Do  you  plan  to  record  spectra  inside  and 
outside  of  the  Jupiter’s  red  spot  for  abundance 
determinations?  This  would  represent  a  partial  test 
to  Hide’s  Taylor  column  explanation  of  the  spot. 

A.  (I'we  Fink):  Yes,  we  plan  to  do  that  at  the 
same  time  that  we  scan  the  belts  of  Jupiter. 

Q.  (Henry  V.  Blau,  Jr.,  Arthur  D.  Little,  Inc,): 
How  did  you  make  the  low  temperature  frosts? 

A.  (I'we  Fink):  The  frosts  were  made  in  a  cylin¬ 
drical  section  of  glass  taking  about  5  cm  in.  diam  and 
10  cm  long.  Both  ends  were  closed  with  glass  plates 
and  the  cell  was  pumped  out.  It  was  then  immersed 
in  a  dewar  of  liquid  A’_»  and  water  vapor  was  admitted 
by  boiling  distilled  water  from  a  flask  at  a  pressure 
of  a  few  n  of  Ilg. 
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Aspen  ICFS  70  Exhibits 

255-SLOT  HADAMARD-TRANSFORM  SPECTROMETER 

Comstock  &  Wescott,  Inc.,  765  Concord  Avenue,  Cambridge,  Massachusetts  0213S  and 
AFCRL:  John  A.  Decker,  Jr.,  organizer. 

Demonstration  model  of  a  255-slot  Hadamard-Transform  Spectrometer  operating  on  the 
principle  of  multislit  optical  encoding  at  spectrometer  exit  focal  plane.  The  encoded  optical 
data  are  punched  on  data  tapes  and  then  fed  into  a  PDP-IO  time  sharing  computer  for  decoding 
and  automatic  plotting  of  the  output  spectra.  The  instrument  was  operated  a  j  the  Conference. 

FOURIER  SPECTRA  RECORDED  AT  LABORATOIRE  AIMfi  COTTON 
Centre  National  Recherche  Scientifique,  91  Orsay,  France:  P.  Connes,  organizer. 

Exhibit  of  Fourier  spectra  recorded  at  Laboratoire  Aim6  Cotton  and  calculated  at  CIRCE, 
including  the  originals  of  figures  for  three  papers  presented  at  the  Conference.  This  means 
106  samples  emission  (thorium,  holmium)  or  absorption  (X20,  KH3)  spectra,  selected  por¬ 
tions  of  astronomical  spectra  (Venus  and  Mars,  with  the  lines  of  CO,  IIC1,  and  I1F),  and  a 
copy  of  the  Planetary  Atlas.  The  first  results  given  by  the  C.N.R.S.  real-time  computer  were 
also  presented. 


AIRBORNE  INTERFEROMETERS  FOR  MEASURING  INFRARED  ATMOSPHERIC 
EMISSION  SPECTRA 

Air  Force  Cambridge  Research  Laboratories  and  Stewart  Radiance  Laboratory,  Utah  State 
Univ.,  Bedford,  Massachusetts:  A.  T.  Stair,  Jr.,  E.  Ray  Huppi,  and  Ronald  J.  Huppi,  organizers. 

An  interferometer  used  for  measuring  infrared  atmospheric  radiation  was  shown.  The  inter¬ 
ferometer  is  one  of  three  units  that  take  measurements  in  the  1  to  15 n  wavelength  region  from 
an  Air  Force  KC-135  aircraft.  The  three  units  are  mounted  behind  a  sophisticated  cold  chopper 
system  that  makes  it  possible  to  obtain  sky-emission  measurements  far  below  the  background 
levels  of  the  ambient  aircraft  optics. 

Some  spectral  measurements  of  the  night  sky  were  shown.  The  data  were  taken  at  various 
altitudes  and  temperatures.  As  a  result,  the  variations  in  thermal  emission  of  the  atmosphere 
were  shown. 

The  vibration  isolator  mounts  and  temperature  control  circuits  required  to  make  I  he  intor- 
-*  ferometers  flyable  were  also  demonstrated. 


AIRBORNE  INTERFEROMETER  SPECTROMETER 

i  Air  Force  Cambridge  Research  Laboratories,  Bedford  Massachusetts:  John  I).  Rex  and  John 

*  P.  Cahill,  organizers. 
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Airborne  Interferometer  Spectrometer  used  on  AFCRL  KC-135  aircraft. 

Detector— In  As 

Sweep  Rate — 2  interferograms/sec 
Resolution — 10  cm- 1 

Recent  eclipse  data  (coronal  emission  in  1.5  to  3.3  p  region,  7  March  70)  were  shown  along  with 
atmospheric  transmission  measurements  in  the  3  to  7.5  p  region. 

GRUBB-PARSOXS  MHll  FOURIER  SPECTROMETER 

Edwin  Industries  Corporation,  11933  Tech  Road,  Silver  Spring,  Maryland  20904:  D.  Stewart 
I.arson,  organizer. 

A  Grubb-Parsons  MHll  Fourier  Spectrometer  capable  of  producing  absorption  spectra  in 
the  range  of  10  to  S00  cm'!,  connected  to  a  computer  for  real-time  calculations  of  spectra  from 
interferograms.  The  system  will  display  any  piece  of  the  spectrum  between  10  and  800  cm-1 
and  continually  update  it  as  the  path  difference  in  the  interferometer  is  increased.  Maximum 
resolution =0.1  cm-1. 

MICHELSOX  AND  LAMELLAR  GRATING  FOURIER  SPECTROPHOTOMETERS 

Heckman  Instruments,  2500  Ha.  oor  Blvd.,  Fullerton,  California  92634:  G.  T.  Keahl,  organizer. 

Featured  Michel. sop.  and  Lamellar  Grating  Fourier  Spectrophotometers  and  accessories  along 
with  analog  and  digital  computer  systems.  The  Michelson  interferometer  (developed  by 
Bcckman-R.I.I.C.,  London,  England)  is  a  modular  system  designed  for  use  in  the  10to500  cm-1 
region  with  resolutions  up  to  0.1  cm-4.  The  Lamellar  Grating  interferometer  covers  the  range 
3  to  70  cm”1  with  resolutions  up  to  0.1  cm-1.  A  new  gas  cell  was  exhibited  with  externally 
adjustable  path  lengths  up  to  10  m. 

AN  ENCODING  MASK 

Stcrrewacht  “Sonnenborgh ”  Servaasbolwerk  13,  Utrecht,  Holland:  Thys  M.  W.  M.  de  Graauw, 
organizer. 

The  mask  is  on  a  rotating  cylinder.  The  spectrum  is  focused  at  the  mask  and  the  part  of  interest 
in  the  spectrum  is  divided  into  255  elements.  Every  element  is  chopped  by  a  pseudo-random 
function,  and  all  the  functions  are  shifted  one  clock  pulse  to  each  other.  In  this  case,  the 
maximum  length  sequence  of  255  elements  was  used.  Decoding  means  cross-correlation  of 
the  used  sequence  with  the  integrated  signal.  The  cross-correlation  function  gives  directly  the 
intensity  distribution  in  the  observed  spectrum. 

The  exhibited  chopper  was  used  for  getting  line-profiles  of  the  photosphere-chromosphere 
transition  region  during  the  solar  eclipse  in  1970.  The  spectral  elements  had  a  spatial  width  of 
NOpmdr^pm. 

DEMONSTRATION  FOURIERSCOPE 

National  Standards  Laboratory,  Sydney,  N.S.W.  2008  Australia:  W.  H.  Steel,  organizer. 

i 

A  direct-vision  instrument  that  presents  side-by-side  the  spectrum  of  a  light  source  and  the 
corresponding  interferogram.  These  may  be  changed  by  placing  optical  filters  in  the  instrument, 
so  demonstrating  qualitatively  the  properties  of  a  Fourier  transform. 

PROTOTYPE  I R 1 5  INSTRUMENT  FOR  NIMBUS  III 

Texas  Instruments,  Inc.,  13500  X.  Central  Expressway,  P.O.  Box  6015,  MS  202,  Dallas,  Texas 
75222:  R.  I).  Hand,  NASA/GSFC,  and  D.  H.  Rodgers,  Texas  Instruments,  organizers. 

The  exhibit  consisted  of  the  prototype  of  the  IR15  instrument  flown  on  NIMBUS  III,  together 
with  its  electronics  plus  a  display  of  some  of  the  results  obtained  from  the  NIMBUS  flight.  The 
significant  features  of  this  instrument  are  its  thermal  stability,  mechanical  integrity,  and  self¬ 
calibration  features.  The  instrument  will  retain  useful  alignment  over  a  60°C  temperature 
range  without  any  adjustment.  It  will  also  withstand  the  qualification  levels  of  vibration  for 
the  NIMBUS  satellite,  which  puts  forces  up  of  to  40 g  on  the  optical  components.  Finally, 
the  instrument  automatically  calibrates  itself  every  16  scans  by  viewing  deep  space,  followed 
by  a  view  of  an  on-board  target  whose  temperature  is  accurately  known.  Improved  versions  of 
this  instrument  are  to  be  flown  on  the  NIMBUS  1)  and  MARINER  ’71  spacecraft. 
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